スーダン・ガッシュデルタ洪水灌漑システムの水需給マッチングに関する研究 by ARAYA ZERAY GHEBREAMLAK
 Kobe University Repository : Thesis  
学位論文題目
Tit le
Study on matching water supply and demand of Gash Delta Spate
Irrigat ion System, Sudan(スーダン・ガッシュデルタ洪水灌漑システム
の水需給マッチングに関する研究)
氏名
Author ARAYA ZERAY GHEBREAMLAK
専攻分野
Degree 博士（学術）
学位授与の日付
Date of Degree 2018-03-25
公開日
Date of Publicat ion 2019-03-01
資源タイプ
Resource Type Thesis or Dissertat ion / 学位論文
報告番号
Report  Number 甲第7214号
権利
Rights
JaLCDOI
URL http://www.lib.kobe-u.ac.jp/handle_kernel/D1007214
※当コンテンツは神戸大学の学術成果です。無断複製・不正使用等を禁じます。著作権法で認められている範囲内で、適切にご利用ください。
PDF issue: 2019-04-18
  
 
DOCTORAL DISSERTATION 
 
 
 
STUDY ON MATCHING WATER SUPPLY AND DEMAND OF 
GASH DELTA SPATE IRRIGATION SYSTEM, SUDAN 
 
スーダン・ガッシュデルタ洪水灌漑システムの 
水需給マッチングに関する研究 
 
 
 
ARAYA ZERAY GHEBREAMLAK 
 
Graduate School of Agricultural Science, Kobe University, JAPAN 
 
January, 2018
 
 
 
i 
 
ACKNOWLEDGEMENT 
This study has been carried out at the Laboratory of Environmental Engineering for Water, 
Department of Agricultural Engineering and Socio-Economics, Graduate School of 
Agricultural Science, Kobe University. I am deeply grateful to Kobe University for 
providing such a great working environment. I am very thankful and it is my desire to 
express my heartfelt gratitude to my supervisor Prof. Haruya Tanakamaru for his patient 
guidance, enthusiastic encouragement and useful critiques throughout the period of this 
dissertation work. He has been extraordinary tolerant and without his persistent support 
this dissertation would not have been materialized. I also express my sincere gratitude to 
my second supervisor, Prof. Akio Tada for his vital support, constructive comments and 
constant encouragement. My supervisors have taught me more than I could ever give them 
credit in any form and I could not have imagined having better supervisors. I am also 
especially indebted to Prof. Tsutomu Tanaka, for examining this manuscript and his 
invaluable comments. 
This dissertation would have been only a wish without the permission from Hamelemalo 
Agricultural College, Eritrea and the full scholarship from the Ministry of Education, 
Culture, Sports, Science, and Technology (MEXT), Japan. A special appreciation is 
extended to Mr. Tsuneo Tsurusaki, resident officer and his assistant Mr. Ghebremicael, 
JICA office Eritrea, for all kind of supports and facilities they provided that help me to 
secure the scholarship for this study and their continuous follow-up during my stay in Japan.  
 
 
ii 
 
During the course of this study I have met and worked with Dr. Bashir M. Ahmed Adam 
and Dr. Khalid A. E. Elamin (Agricultural Research Corporation, Sudan) and Prof. Yoichi 
Fujihara (Ishikawa Prefectural University, Japan). I thank you all for all the insightful 
discussion and sharing of important information that greatly shaped my study. I also thank 
Prof. Ali Adeeb, Water Management and Irrigation Institute, University of Gezira, Wad 
Medani, for sharing me his deep knowledge of my study area and welcoming me to his 
house during my visit to Sudan. My sincere thanks are also due to all the graduate and 
undergraduate laboratory mates for all your help. It was great sharing the laboratory with 
all of you during the last four years. 
Finally, I must express my very profound gratitude to my family for their encouragement, 
unconditional support and blessing throughout my study that enabled me to attain this stage. 
 
 iii 
 
ABSTRACT 
Gash Delta Spate Irrigation System (GDSIS), located in eastern Sudan with a net command 
area of 100,000 ha and currently supporting about 45,000 farmers, is the biggest flood 
based irrigation in Sudan. The land is cultivated every three years (3-year rotation), where 
one-third (33,000 ha) of the total net command area is planned for irrigation annually and 
subsequent cultivation while the remaining two-third is kept fallow. To accommodate as 
many farmers as possible, the government’s recent policy is to maximize the annual 
irrigation area such as by adopting a 2-year rotation system (50,000 ha planned for 
irrigation annually). This study is conducted to assess the performance of the 2-and 3-year 
rotation systems and estimate the optimum annual irrigation area of GDSIS. 
Reliability which measures how frequent the water supply satisfies the demand and 
vulnerability which measures the magnitude of failure were selected as performance 
criteria and their value were calculated by Monte Carlo simulation considering the 
stochastic nature of the Gash River flow and different levels of management parameters 
(in terms of intake ratio and irrigation efficiency). The results showed poor performance 
by both rotation systems at typical values of the intake ratio and irrigation efficiency with 
possible improvements within the feasible range of the parameters. As expected the 3-year 
rotation system was found to be superior in terms of the selected water-based criteria. 
To estimate the optimum annual irrigation area, a Monte Carlo simulation model that 
integrates four sub-models (probabilistic river flow generation, soil moisture distribution, 
crop yield response and net benefit models) was developed to simulate the relationship 
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between irrigation water supply and net benefit. The model was applied to simulate the net 
benefit for all areas from 10,000 to 100,000 ha (total net command area) at an interval of 
500 ha. Such a complete enumeration approach was employed to identify the optimum 
annual irrigation area that maximized the net benefit. The optimum irrigation area was 
found to vary from 26,000 ha to 67,500 ha for a combination of different irrigation 
management parameters within their feasible values. For the median values of the 
management parameters the optimum area was 44,000 ha 
This study also investigated the application of remote sensing techniques in estimating the 
seasonal cultivated area and soil moisture. A simple methodology for mapping the 
cultivated area based on satellite images was developed. The methodology combines the 
information from multiple bands to characterize the land surface in terms of Normalized 
Difference Vegetation Index (NDVI) and surface temperature (Ts). Visual interpretations 
of a conveniently selected image were done to identify and select sample points of interest. 
NDVI and Ts plots of the sample points were developed from multi-date images that 
represent the crop growing period. By analyzing these plots and the cropping calendar, 
decision tree algorithm that has mean NDVI and Ts as its variable were developed to 
extract the seasonal cultivated area of GDSIS. Comparison the estimated area with field 
report area showed a promising application of the proposed methodology. Moreover, in 
GDSIS, at the end of the irrigation period, the area is classified into sufficiently and 
insufficiently irrigated based on the stored soil moisture estimated by experience. Hence, 
this study also presents a simple single-band and multi-band water indices that can help 
discriminate the flooded (irrigated) area more scientifically. Evaluation of the spatial soil 
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moisture extent from these methods by comparing with moisture distribution estimated 
form more advanced and complex SEBAL-based approach showed the capability of the 
proposed approach.   
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CHAPTER ONE 
 INTRODUCTION 
1.1 Gash Delta  
The Gash River, a torrential and heavily sediment laden seasonal river, originates in the 
highlands of Eritrea and ends up in a flat lowland within the eastern Sudan close to the 
border with Eritrea (Figure 1.1). This created an inland delta known as the Gash Delta that 
 
Figure 1.1: Location of the Gash Delta and Mereb-Gash Basin 
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has one of the most fertile land for agriculture on which most of the Kassala socio-
economic activities depend. The Gash delta, with its apex at Kassala town stretches as an 
alluvial fan in a north westerly direction with roughly one hundred kilometres in length. Its 
limits on its west and north sides are not well defined (IFAD, 2012), but the total 
demarcated area is estimated as 720,000 feddans (approximately 302,400 ha) of which 
about 400,000 feddans (168,000 ha) is suitable for irrigated cultivation (Cole, 1989). 
1.1.1  Climate  
Gash Delta is an oasis in a surrounding desert with relative humidity ranging from 20 to 
50%, annual rainfall from 180 to 280 mm (from Hadaliya in the north to Kassala in the 
south), and average temperature from 26oC in winter to 42oC in summer 
(Bashier et al. 2014). Tables 1.1 and 1.2 show the rainfall and climatic data respectively. 
The rainfall, occurring from June to October, is extremely variable in amount, intensity 
and duration as expected in this arid area. The effectiveness of the rain is severely limited 
by the high evaporation (exceeding 2000 mm per year) and it commonly fails to penetrate 
to the depth of the crop root zone. 
Table 1.1: Summary of rainfall (mm) at Kassala meteorological station (1941-2010) 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 
Average 0.1 0.1 0.3 2.7 11.6 25.1 84.9 95.0 46.6 8.7 1.4 0 274 
Maximum 2.2 8.0 7.2 29.6 64.0 106.1 274.5 228.7 160.3 52.0 19.9 0  
Minimum 0 0 0 0 0 0 7.5 4.8 0 0 0 0  
                 (Source: Gash Agricultural Scheme office, Kassala) 
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                    Table 1.2: Climatic data at Kassala meteorological station (1980-2010) 
Month 
Temperature (oC) Relative 
Humidity 
(%) 
Wind speed 
(km/d) 
Sun shine 
(hours) Min  Max  
January 16.5 33.7 48 156 8.8 
February 17.2 35.2 43 156 9.4 
March 20.1 38.3 40 156 9.3 
April 23 40.8 37 156 9.6 
May 25.8 41.6 39 156 9.4 
June 25.7 39.8 42 190 8.8 
July 23.9 36.1 57 233 7.5 
August 23.4 34.9 63 233 7.5 
September 24 36.8 55 156 8.9 
October 24.3 38.7 44 112 9.3 
November 21.4 37 47 156 9.1 
December 17.9 34.4 52 156 8.8 
Average 21.9 37.3 47 168 8.9 
                   (Source: Gash Agricultural Scheme office, Kassala) 
1.1.2  Gash Delta Spate Irrigation System  
The Gash Delta Spate Irrigation System (GDSIS) as it is known today was established in 
the 1920s within the Gash Delta. Currently with a net command area of 240,000 feddans 
(approximately 100,000 ha) and direct beneficiaries of about 45,000 farmers 
(Ngirazie, 2015), it is the biggest spate irrigation system in Sudan. The total command area 
of GDSIS is divided into six irrigation blocks namely Kassala, Mekali, Degain, Tendelai, 
Metateib and Hadaliya. Each block is further divided into a number of irrigation units 
known locally as “Misga”. Each Misga is bounded by earthen low bunds and varies in size 
from 420 to 840 ha. Figure 1.2 shows the location and layout of GDSIS. 
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Figure 1.2: Location and layout of the GDSIS (note: the typical irrigated area in this 
figure shows only the area irrigated up to 28 July 2009 (2009–2010 season) 
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1.1.3  Water source 
The Gash River, which drains the Mereb-Gash basin, is the main source of water supply 
for all purposes to Kassala and its surroundings (Bashar, 2005). The Mereb-Gash is a trans-
boundary basin shared among Eritrea, Ethiopia and Sudan. It has a total catchment area of 
about 23,100 km2 up to Kassala Bridge with 16,810 km2 (72.75%) in Eritrea, 5,948 km2 
(25.75%) in Ethiopia and 343 km2 (1.5%) in Sudan. The elevation of the catchment varies 
from more than 3000 m on the highlands of Eritrea and Ethiopia to about 500 m above 
mean sea level as it approaches the delta (in Sudan). The upper part of the basin has a cool 
climate with an average temperature of 16°C, whereas the lower section is dry and hot. The 
rainy season in this basin is very short extending from end of June to end of September. 
Moreover, the rainfall in this basin has high spatial and temporal variability with annual 
average of about 350mm. 
The Gash River rises in the Eritrea highland about 25 km to the south of Asmara (capital 
of Eritrea) with a name of Mereb. Initially it flows south until it meets the border with 
Ethiopia at around 14° 38’ 00” N latitude and 39° 01’ 18” E longitude. From here it changes 
its direction to northwest and forms the political frontier between Eritrean and Ethiopian 
until it again enters to Eritrea near the town of Shambiquo at around 14° 53’ 38” N latitude 
and 37° 54’ 46” E longitude and its name changes from Mereb to Gash.  After it enters 
Eritrea, it runs generally westwards until it reaches the political frontier between Eritrea 
and the Sudan then swings northward and, after passing the town of Kassala, fans out into 
an inland delta where the water is finally lost by diversion to the irrigation area, percolation 
and evaporation.  
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The Gash river is a flashy ephemeral stream, normally flowing for an average of 60–70 
day per year within July to September (Figure 1.3). It is characterized by high inter-and 
intra-annual flow variability mainly attributed to the erratic nature of the rainfall in the 
catchment area. The minimum annual and instantaneous discharge of the Gash River, 
which were recorded in 1921, are 140 ×106 m3 and 170 m3/s respectively. The maximum 
annual total and instantaneous discharge, as recorded in 1983, are 1430 ×106 m3 and 870 
m3/s respectively. The annual average flow is about 680 ×106 m3.  
 
Figure 1.3: Typical hydrograph of Mereb-Gash-River at Kassala Bridge (2010) 
1.1.4   Irrigating the land  
Flood water from the west bank of the Gash River is diverted through seven diversion 
structures for an average effective period of 60 to 70 days per year to the GDSIS. Diversion 
structures Fota and Selam-Aleikum irrigate block Kassala, whereas Dar-el-Mac, Magawda, 
Hashera-Mawasir, Umbarasei and Hadaliya irrigate blocks Mekali, Degain, Tendelai, 
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Metateib and Hadaliya respectively (Figure 1.2). The diverted water is then conveyed by a 
system of canal network to irrigate the field.  
The field is irrigated every three years (3–year rotation) so that about 33,000 ha of the 
100,000 ha can be cultivated annually. The remaining about 67,000 ha is fallow for that 
given cropping season. Seasonal land preparation, which is done before the flood season, 
involves clearing mesquite (Accacia proposes, a thorny and evergreen tree), land leveling, 
and routine maintenance activities.  The prepared Misgas are irrigated in two turns. That 
is, the total Misgas to be irrigated in any one year are divided into two parts. These are 
known as the first and second turns and irrigation does not begin on the second turn until 
that on the first turn has been completed (Swan, 1959). In planning the Misga turns, it has 
been assumed that the first flood (mid-July to mid-August) is stronger than the second flood 
(mid-August to mid-September), thus 60% of the area to be irrigated that year is planned 
for the first turn. This system has the advantage that in years of short-lived flood at least 
the first turn Misgas get fully watered (irrigated).  
In GDSIS spatewater is released from the canals at select points, known as Misga heads, 
whence it spread over the land without any further control and is under the influence of the 
slope, the nature of soil and the texture of the surface. The flow rate of the water through 
diversion structures of the main canals and sub-canals is controlled by wooden stop logs 
which can easily be moved on and off manually (Figure 1.4 left). Within each Misga, 
spatewater is distributed from the upstream to downstream for a period of 25 to 30 days. 
The period of water spreading (referred as advance phase in surface irrigation) usually lasts 
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for ten to twenty days, after which the watering is continued for a further ten to twenty days 
(ponding phase), according to the nature of the soil. To increase the water spreading 
uniformity within the Misga, including the higher spots, low earthen guide bunds are 
constructed within the Misga as necessary. The portion of the prepared Misga that received 
water within this period is referred to as the irrigated area. Anderson (2011) summarized 
the main factors that directly affect the size of the actual irrigated area as: 
 Annual volume and duration of the Gash River flow; 
 Capacity and operation of the irrigation structures (e.g. referring to Figure 1.4 left, 
the total number, size and simultaneously opened gates); 
 Setting of the stop logs in river diversion and Misga head structures (e.g. see Figure 
1.4 left); 
 Annual silt removal from main and Misga canals; 
 Annual redesign of canals to adjust to local changes and regime; and  
 Land preparation including clearance of mesquite tree (Figure 1.4 right), levelling, 
and minor routine maintenance activities. 
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Figure 1.4: Typical diversion structure (left) and fallow field infested by Mesquite tree 
that has to be cleared before cultivation (right) in GDSIS 
Usually about one week after the end of irrigation, when the applied water recesses and 
tractors can easily enter the field, seed sowing is done on the portion of the irrigated area 
that has been sufficiently watered and adequately prepared. The area that is actually sown 
with seed is referred to as the cultivated area (Anderson, 2011). Figure 1.5 shows target (or 
prepared), actual irrigated and actual cultivated areas of GDSIS for seven seasons. 
 
Figure 1.5: Target (prepared), irrigated and cultivated areas of GDSIS for seven seasons 
(source: Anderson, 2011) 
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1.1.5  Cropping pattern 
Cotton was the principal crop in the GDSIS until the early 1960s when it was gradually 
replaced by castor bean, first introduced in 1959. Prior to 1970, sorghum was cultivated 
over one-quarter of the total cultivated area, however, in 1970, when cotton cultivation was 
discontinued, the area devoted to sorghum increased to one-half of the annual area 
cultivated. The cultivation of cotton was reintroduced in 1976. The area sown with castor 
bean and cotton decreased from 1979 to 1984 and both crops were finally abandoned in 
favor of one hundred percent cultivation of sorghum in 1984. According to Cole (1989), 
the main reasons for the change in cotton cultivation were: (i) declining yields and 
international prices of cotton; (ii) pest problems; (iii) drought; and (iv) the high relative 
labor demands of cotton cultivation. The main types of sorghum grown in the GDSIS are 
Aklamoy (local variety) and Tabbet (improved variety). Although the grain yield of Tabbet 
is higher, but farmers still prefer growing Aklamoy mainly for its bulkier biomass which 
is the main feed for their livestock.       
1.2 Problem Statement of the Study 
In the GDSIS, the land is irrigated every three years (3–year rotation) so that about 
33,000 ha of the 100,000 ha can be cultivated annually. The system was performing well 
when the number of registered tenants was about 10,000 and each tenant used to cultivate 
4.2 ha of cotton as a cash crop and 0.42 ha of sorghum for food self-sufficiency. However, 
starting from the 1970s, the performance went into serious decline and was paralleled by 
droughts and civil unrest. Kassala state was settled with about 20% of the total refugees in 
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Sudan, as a result the number of GDSIS beneficiaries has increased fourfold. During the 
same period the cultivated area decreased by 50% owing to deterioration of the irrigation 
infrastructure (IFAD, 2014). Consequently, the landholding entitlement for each farmer 
was reduced substantially and also farmers have been allocated far less adequately irrigated 
area (for subsequent cultivation) than their actual entitlements.  
Under such conditions, the International Fund for Agricultural Development (IFAD) 
supported a programme for rehabilitation of the irrigation diversion structures in 2003. As 
a result, some changes were made, such as the change from a 3– to a 2–year rotation system 
to accommodate more farmers. However, according to the evaluation reports by Anderson 
(2011) and IFAD (2012, 2014), the design annual target irrigated area of the 2–year rotation 
(50,000 ha) has never been realistic. Generally, this failure is attributed to the performance 
of the annual river flow and the ability of the GDSIS irrigation structures (Anderson, 2011). 
Moreover, the rehabilitation plan failed to include packages of improved on-farm water 
management, such as irrigation efficiency, distribution uniformity and farming practices 
(IFAD, 2014). Despite the variability in the annual flow of the Gash River, the target 
irrigated areas, of the 3– and 2–year rotation systems were decided on the basis of the 
average volume of the river flow.  
Moreover, the size of the actual annual cultivated area by the farmers depends on the degree 
of annual land preparation and adequacy of irrigation. Annual land preparation, which 
involves clearing of mesquite (Accacia proposes, a thorny and evergreen tree), land 
leveling and routine maintenance activity, is done before the onset of the flood season. The 
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size of the actual prepared area (referred to as the annual target irrigation area) is a function 
of policy (3– and 2–year rotation system), forecast of annual river flow volume and 
availability and management of resources (such as labor, machineries, etc.) to prepare the 
field. After completion of land preparation and the flood starts to flow the prepared area is 
irrigated usually between July and September. The size of the actual irrigated area depends 
on the capacity, efficiency, maintenance and operation of the irrigation structures as well 
as the degree of land preparation. Moreover, the size of the actual irrigated area is a function 
of the amount, duration and rate of the river flow and the water allocation policy among 
different sectors (spate irrigation system, groundwater recharge and range land watering).  
In order to accommodate as many farmers as possible with an economic farm size of three 
feddans (approximately 1.26 ha) per farmer, the government’s recent policy is to maximize 
the annual irrigation area. In GDSIS, as discussed earlier land is abundant (approximately 
168,000 ha irrigable area). According to Ali and Talukder (2008) irrigated lands in semi-
arid and arid regions are fertile and abundant, but they require more water than what is 
available. In these environments which include the GDSIS, we need to answer the 
following question; how large area should be irrigated with the scarce water? In other 
words, determination of the optimum irrigation area that maximizes the net benefit 
becomes very important.  
However, previous studies on the determination of optimum size of irrigation area to be 
developed are scanty, besides they are entirely devoted to the conventional irrigation 
systems (Dudley et al., 1971; Dudley et al., 1972). Moreover, in simulating irrigation 
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system, the commonly employed crop-water production models only account the influence 
of irrigation deficit. However, Abdelgadir (2007) reported that in GDSIS the excess water 
in root zone leads to low yield by shifting grain filling stage to winter. Also Steduto et al. 
(2012) stated that the ample water during vegetative period of sorghum would result 
excessive tillers which ultimately leads to low yield. Therefore, in the view point of crop 
yield, we should consider not only deficit but also excess of irrigation water. It means that 
the irrigation uniformity is also important for estimating crop yield. For instance, 
Mantovani et al. (1995) and de Juan et al. (1996) used crop-water production functions as 
a function of moisture deficit, which in turn is a function of the irrigation uniformity. 
The amount and application uniformity of the irrigation water also affect the size of the 
actual irrigated and cultivated area in spate irrigation system. In GDSIS, spate water is 
distributed to the annually prepared areas for an effective average period of 60 to 70 days 
to supply the total seasonal irrigation water requirement of the crop. The portion of the 
prepared area that received water within this period is referred as irrigated area. Out of the 
total irrigated area, the portion that received sufficient water (stored sufficient moisture) is 
distributed to farmers for cultivation, in which the cultivated crops grow from October to 
February without additional irrigation. Classification of the irrigated area into sufficiently-
irrigated (stored sufficient moisture) and insufficiently-irrigated has been done based on 
experience. This shows accurate information on the soil moisture and its spatial extent and 
variation is essential for the management of the GDSIS. However, the paucity and 
unreliability of data on soil moisture and other related agricultural information (cultivated 
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area, evapotranspiration, crop production, etc.) are the main barriers for conducting water 
management related scientific studies of the irrigation system.  
1.3 Aim and Objectives of the Study  
The general aim of this study is to explore how the supply of irrigation water from the Gash 
River satisfies the irrigation water demand of the existing and possible scenarios of water 
management. The overall success of the GDSIS is centered on how large area is adequately 
irrigated annually and distributed to farmers for subsequent cultivation. Hence in this study 
the focus is primarily on determining size of an area which could be cultivated profitably 
under different water management strategies pertinent to GDSIS. The specific objectives 
of the study are: 
a) To assess the irrigation water supply performance of the GDSIS for both the 3– 
and 2–year rotation systems; 
b) To develop a simulation model for estimating the optimum annual irrigation area 
of GDSIS by considering the relationship between crop yield and irrigation water 
supply;  
c) To estimate the spatial and temporal soil moisture distribution in GDSIS from 
satellite remote sensing; and 
d) To develop a simple satellite-based approach for mapping the seasonal cultivated 
area of GDSIS. 
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1.4 General Methodology of the Study 
In addressing the above stated problem and objectives, this thesis spans three research 
domains; performance assessment of irrigation system, estimation of optimum irrigation 
area and use of remotely sensed data in water management. This section briefly presents 
the methods followed in this study and they will be detailed, as necessary, in their 
respective chapters.  
In accordance with the first part, the performance of the GDSIS was investigated by 
selecting appropriate performance criteria subjected to the availability of data. In doing so 
the irrigation water supply adequacy of the 3-year rotation (existing) and the 2-year rotation 
(preferable, according to the recent rehabilitation plan) was estimated using a Monte Carlo 
simulation. Irrigation water supply was estimated by stochastic simulation of the annual 
volume of the Gash River flow. Long-term Gash River annual flow data was compiled 
from relevant sources then analyzed for the purpose finding a best fit probability model. 
On the other hand, the irrigation water demand was considered as deterministic owing to 
the single crop dominancy and one-time irrigation in the study area. The seasonal crop 
water requirement of the dominant crop (which is sorghum) was fixed on the basis of 
GDSIS water application practice.  
In GDSIS fertile irrigable land is abundant and the limiting factor for irrigated crop 
production is water. Moreover, in order to accommodate many farmers, the priority of the 
government is to maximize the annual irrigation area. Hence, the second research domain 
of this thesis focused in developing a simulation model for the estimation of optimum 
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annual irrigation area in GDSIS that maximizes the net benefit of production. The net 
benefit is calculated as a function of the irrigated area, crop yield, price of yield and cost 
of production. Crop yield was modeled as a function of soil moisture excess and deficit. 
Appropriate soil moisture distribution function was selected to estimate the soil moisture 
excess and deficit as a function of the amount and distribution uniformity of the applied 
irrigation water.  
In addition to the volume of the Gash River flow, the amount of the irrigation water supply, 
which determines the size of the irrigated area, depends on the Gash River water allocation 
policy and capacity, as well as the operation and efficiency of the irrigation structures. 
Hence, this study also deals with a parametric analysis of the effects of water allocation 
policy, planning and operation of the irrigation structures on the performance of the GDSIS 
and size of the optimum irrigation area. The parameters considered are intake ratio (volume 
of water diverted divided by volume of annual river flow), irrigation efficiency, 
conveyance efficiency and irrigation distribution uniformity. 
In this study the potential use of remotely sensed data was investigated specifically in two 
variables which are the most related to the first two research domains of this thesis. These 
are cultivated area and soil moisture distribution. Accordingly, a satellite-based 
classification algorithm for mapping and estimating the seasonal cultivated area was 
developed.  Satellite images (Landsat-7 ETM+) are acquired and processed for the 
production of visually and spectrally enhanced images. Visual interpretation of original 
and enhanced image to select sample points and multi-date NDVI and surface temperature 
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analysis was done to build threshold-based decision tree classification algorithm. Result of 
the classification algorithm was verified using field data on cultivated area for the 
respective season. With regard to the soil moisture, two simple (single-band and multi-
band) spectral indices derived from Landsat image at the end of the flood period are used 
to show the extent flooded area. Moreover, soil moisture distribution at the early cultivation 
period were also estimated using empirical relationship that relates relative soil moisture 
and evaporative fraction. Evaporative fraction which is one of the intermediate product of 
the satellite-based Surface Energy Balance Algorithm for Land (SEBAL) was calculated 
for GDSIS by Khalid (2013) and was used in this study.   
1.5 Structure of the Dissertation 
The dissertation is divided into seven chapters and this section provides a brief description 
of each chapter. The chapters are arranged systematically in a way that information or result 
from one chapter will be used directly or indirectly in the subsequent chapter/s. 
Chapter one provides the background and introduction of the study. It starts by describing 
the study area in detail in order to help capture its different physical and nonphysical 
components. Then it states the problem of the study, sets the study objectives and briefly 
describes the research methodology. 
Chapter two presents state-of-the-art on spate irrigation system, remote sensing in irrigated 
agriculture, probability distribution in water resources, performance assessment of 
irrigation system, and crop-water production functions. In chapter three, performance 
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assessment of the GDSIS based on the reliability and vulnerability of the water supply is 
investigated. Chapters four and five investigate the use and importance of satellite remote 
sensing data in estimating the seasonal cultivated area and soil moisture distribution, 
respectively. 
Chapter six deals with simulation model for estimating the optimum annual irrigation area 
of GDSIS. The final chapter (chapter seven) summarizes the major findings and 
conclusions of the study, states the main limitations and propose possible future research 
works. 
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CHAPTER TWO 
 STATE-OF-THE-ART 
2.1 Introduction 
This chapter offers a review of the vastly arrayed literatures on remote sensing, 
performance assessment and simulation modeling pertinent to irrigation.  It introduces 
some of the commonly employed approaches in irrigation system management and broadly 
defines several key theories and concepts.  It further demonstrates the interconnectedness 
between remotely sensed data, performance assessment parameters and simulation models 
in irrigation system. 
2.2 Spate Irrigation System 
Spate irrigation is a type of surface irrigation in which floodwater from a seasonal river is 
diverted to a deep-soiled flat field and allowed to spread naturally under the influence of 
slope, soil type and surface roughness. It is an inefficient method of irrigation with little 
control of the water spreading over the field (James, 1988). Nonetheless, it is feasible when 
the following requirements are met (Zimmerman, 1966):  
 a large and relatively flat area within the proximity of an intermittent stream is 
available;  
 the area has deep soil with good permeability and high water-holding capacity; and 
 a shallow stream requiring low diversion structure exists near the area.  
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In arid and semi-arid environments, in addition to the difficulty of finding a suitable site 
for a reservoir, the classical approach to water management through water storage is not 
practical as the very high sediments and evaporation loss would not justify the development 
of reservoirs with economically useful life (van Steenbergen, et al., 2010). That is why 
spate irrigation is common in arid and semi-arid regions, typically in countries in the 
Middle East, North and East Africa, West Asia and parts of Latin America (van 
Steenbergen, 1997). 
In conventional irrigation system, water application is done at controlled intervals during 
the growing period of the crop, whereas in spate irrigation system, water application 
depends on the occurrence of flash floods. Usually, application of water is done during the 
flood season and cultivation of crops is done exclusively depending on the resulting soil 
moisture. Additional unique characteristics of spate irrigation system include:  
 the actual irrigated and cultivated areas and the resulting crop production and 
productivity vary considerably from year to year due to the variation in the amount, 
rate and duration of the floods;  
 there is an inherent risk of total crop failure in drought years (too little or no flood) 
or in years with very extreme high floods that destroy the irrigation structures 
before any field could be irrigated;  
 in most of the spate irrigation systems, the cropping patterns are dominated by the 
cultivation of local variety crops characterized by low yield and limited market 
price and are primarily for domestic consumption and livestock feed; 
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 the cropping system is flexible; as it is largely determined by intra-and inter-annual 
variability of the flood and the resulting soil moisture stored in the root zone. 
Usually the overall performance of spate irrigation system is poor and lower than that of 
the conventional surface irrigation system. There have been many well-intentioned 
investments to rehabilitate the existing or develop new spate irrigation systems over the 
last five decades. However, many of these spate irrigation systems show poor performance 
and Ratsey (2011) has summarized the main reasons follows:  
 inability to achieve the planned size of the irrigated and cultivated areas primarily 
due to incorrect but usually over-optimistic characterization of the amount, rate, 
frequency and duration of the spate flows;  
 increased inequity of water distribution resulting from the construction of stronger 
diversion structures which give the benefiting farmers a greater share of the 
available flow to the detriment of others;  
 failure to appreciate the problems associated with high sediment loads resulting in 
blocked irrigation structures (diversion and conveyance) and, in the longer term, 
inability to command raised fields;  
 applying inappropriate design principles, parameters and formulae (such as those 
recommended for clear water irrigation);  
 unrealistic assumptions about operation and maintenance in particular the ability of 
government departments to fund, manage and maintain the irrigation systems; and   
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 changes in irrigation practice, such as the development of groundwater as 
alternative source of irrigation water.  
Spate irrigation is an ancient practice that has existed for the past 70 centuries as a major 
source of livelihood of mainly economically disadvantaged communities in arid and semi-
arid regions. Despite being one of the oldest irrigation practice, it is still the least studied, 
understood and documented (Mehari et al., 2010).  
2.3. Remote Sensing in Irrigated Agriculture 
2.3.1 General  
Remote sensing is the science of measuring and acquiring information about the earth's 
surface without actually being in physical or direct contact with it. This is done using 
sensors to measure and record the amount of electromagnetic energy reflected and/or 
emitted from an object or geographic area and then extract valuable information from the 
data using mathematical and statistical based algorithms. Different land surface covers 
(such as vegetation, soil and water) reflect, absorb or emit electromagnetic energy in 
differently. Moreover, for a given feature the amount of the electromagnetic energy 
reflected, absorbed, transmitted or emitted varies with wavelength. These variations in 
response to the electromagnetic energy can be visualized by plotting spectral reflectance 
as a function of wavelengths. Figure 2.1 shows typical spectral reflectance curves of three 
common land surface features: vegetation, soil and water. Understanding of the spectral 
signature of different land surface features is fundamental in selecting appropriate 
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wavelength/s (or band/s) and combining them (if necessary) to identify and classify the 
different features of interest. For example, water and vegetation may reflect somewhat 
similarly in the visible wavelengths but are almost always separable in the infrared. 
 
Figure 2.1: Spectral signatures of vegetation, soil and water, and spectral bands of Landsat-
7 ETM+ (Source: http://www.seos-project.eu/modules/remotesensing) 
High absorption of electromagnetic radiation in the visible (0.60-0.70 µm) portion and 
strong reflectance in the near-infrared (0.75-1.35 µm) portion of the electromagnetic 
spectrum by healthy and green vegetation is very distinctive from that of dry bare soil and 
clear water, the other two predominant land cover features (Wiegand et al., 1991). This is 
the basis for the development of vegetation index. Generally, because of their differences 
in absorption and reflectance properties, different land cover features can be detected, 
located and delineated with original or enhanced single- or multi-date remote sensing 
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image. Enhancement of image may deal with simple color composite or computation of 
spectral indices from judicially selected bands. 
2.3.2 Spectral indices commonly used in agriculture  
Spectral index, which indicate relative abundance of features of interest, is a simple 
numerical value obtained by arithmetic operation (e.g. ratio, difference, normalized 
difference, etc.) of two or more spectral bands (Ji et al., 2009). Some of the common indices 
available are related to   vegetation, water surface, burned areas, man-made (built-up) and 
geologic features. When judiciously chosen indices can highlight and enhance differences 
that cannot be observed in the display of the original colour bands.  In this section 
vegetation and water indices will be briefly described. 
Since early 1970s, researchers have developed various remote sensing based spectral 
vegetation indices for qualitative and quantitative assessment of the vegetation cover of the 
earth’s surface at different spatial and temporal scales (Bannari et al., 1995). They have 
been very successful in the assessment of vegetation (forest, crop, etc.) conditions (e.g. 
greenness) and processes (e.g. evapotranspiration) (Glenn et al., 2008) and become 
indispensable tools in land cover classification, land cover change detection, estimation of 
important agricultural variables (such as crop yield), etc. When considering an area covered 
by vegetation, its optical properties evolve through time in relation to various factors which 
characterize the state of the vegetation cover, water content, growing stage, mineral 
deficiencies, cover geometry, row spacing and orientation, as well as leaf distribution. 
These factors affect the reflectance of vegetation and consequently the vegetation index. 
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Examples of vegetation index found in the literature include; Ratio Vegetation Index, 
Green Vegetation Index, Normalized Difference Greenness Index, Normalized Difference 
Vegetation Index, Soil Adjusted Vegetation Index.  
The most used index is the Normalized Difference Vegetation Index (NDVI).  The NDVI 
is built on the observation that healthy and green vegetation strongly absorb 
electromagnetic radiation in the visible (specifically red) region, while they strongly scatter 
(reflect and transmit) in the near-infrared (NIR) region (Figures 2.1 and 2.2). Theoretically, 
NDVI values vary from -1.0 to +1.0; dense and healthy green vegetation have high NDVI, 
 
 
Figure 2.2: Typical absorption and scattering of light by a healthy (Left) and unhealthy  
or dry (Right) vegetation in the visible and near infrared wavelength (source 
https://earthobservatory.nasa.gov/Features/MeasuringVegetation/) 
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while soil surfaces have low but positive, and water bodies have negative due to the strong 
absorption of NIR. 
Another spectral index with importance in water resources and agriculture is the 
Normalized Difference Water Index (NDWI). These NDWIs can be grouped in to two 
families. The first family includes those proposed by Gao (1996) and its variant. They use 
the near-infrared (NIR, band 4 in Landsat-7, Figure 2.1) and the middle-infrared (MIR 
which is band 5 or 7) and are effective in monitoring moisture content of vegetation. The 
other family include the one proposed by McFeeters (1996) and its modifications. These 
indices use the green and infra-red bands of remote sensing images and are most 
appropriate for water body mapping.  
2.3.3 Importance of remotely sensed data on irrigation system management 
The world cannot meet current and future demands for food and fiber, at an acceptable 
environmental cost, without irrigation. Land and water are the two most basic limiting 
resources of irrigated agriculture. As competition for water intensifies and commitments 
for sustainable environment grow, an increasing awareness has been witnessed in recently 
for the optimum use of water, a limited and valuable resource for all economic activities 
(Haouari and Azaier, 2001; van Halsema and Vincent, 2012). In relation to food and fiber 
production, some of the available options to overcome water scarcity in a given 
environment are (Playan and Mateos, 2006):  
a) importing more virtual water;  
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b) improving the water use efficiency; and  
c) improving the technical (e.g. storage, conveyance and application) efficiency.  
Irrigated agriculture, which produces approximately 40% of the world’s current food 
supply, consumes about 70% of the total available freshwater (Salmona, 2015). Irrigation 
practices can play a signiﬁcant role in agricultural production to meet the projected food 
demand in several parts of the world by maintaining or increasing crop yields under 
changing climatic conditions. Trying to meet options 2 and 3, many existing irrigation 
systems have gone for rehabilitation and modernization processes. However, many studies 
and reports (Pereira, 1999; Reca et al., 2001; IFAD, 2014) revealed that most of the 
rehabilitation and modernization activities are centered at supply development with little 
or no importance given to the demand management. According to Pereira et al. (2002) 
supply management deals with:  
d) increasing storage capacities reservoirs; 
e) improving the diversion, conveyance and distribution structures of the irrigation 
systems;  
f) enhancing the operation and maintenance the irrigation system; and 
g) developing new sources of water supplies. 
Whereas demand management of an irrigation system includes practices and management 
measures of various nature (agronomic, economic, and technical) that aim to increase the 
water use efficiency. This is achieved by reducing the demand for water at the farm, and 
an increase in yields and income per unit of water used. (Pereira et al., 2002) summarized 
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the objectives and their corresponding technologies of water demand management and the 
important ones with respect to this study are as follows:  
a) Reduction of irrigation water requirement which can be attained by: 
 choosing low water demand crop varieties and/or cropping patterns;  
 implementing high performance irrigation practices (e.g. drip irrigation 
method): 
  applying deficit irrigation, etc. 
b) Adoption of water saving/conservation practices such as:  
 introducing cultivation practices for water stress control (e.g. planting dates, 
avoiding competition by weeds);  
 improving the irrigation water application uniformity and on-farm water 
management;  
 reuse of water spills and runoff return flows;  
 surface mulch and soil management for controlling evaporation from soil;  
 soil tillage for augmenting infiltration and the soil water reserve 
Generally, for the long-term sustainability of an irrigation system, improvements in the 
performance of existing water application methods and on-farm water management 
practices seem to be more necessary than any other practice (Sarwar et al., 2001). The 
performance of a given irrigation system is determined by the decision made with respect 
to the system variables at the design stage and management variable at the management 
stage of the system (Pereira et al., 2002; Clemmens et al., 1999). Despite their importance 
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in estimating irrigation performance indicators, irrigation system data are rarely measured 
in a consistent and reliable means to cover the entire irrigation system. According to 
Ambast et al. (2002) the lack of proper and effective management of irrigation systems is 
related to the conventional methods of data collection through field observations, which 
are difficult, time-consuming, and inadequate in temporal and spatial coverage. 
The advancement of satellite technology in terms of spatial, temporal, spectral, and 
radiometric resolution offers an opportunity to capture agricultural information of a large 
area at frequent intervals (Bastiaanssen and Bos, 1999; Atzberger, 2013; Mondal et al., 
2014). Satellite observations provide reliable, economical, and synoptic data of the earth’s 
surface. It has been able to provide information with varying degrees of success and 
accuracy on: crop types (Dadhwal et al., 2002; Schmedtmann and Campagnolo, 2015), 
crop yield (Bastiaanssen and Ali, 2003; Lobell, 2013) and evapotranspiration (Singh, 2012; 
Liou and Kar, 2014). Remote sensing has several advantages which can be complementary 
to field measurements (Bastiaanssen and Bos, 1999): 
a) Information derived from remote sensing are objective; they are not based on 
opinions; 
b) Remote sensing data and information are usually very accurate especially in 
comparison to certain types of conventional field methods of data collection; 
c) Remote sensing methods covers a wide area (such as an entire irrigation scheme), 
whereas field methods are often limited to a small pilot area because of financial, 
technical and logistical constraints; 
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d) Remote sensing-based data can be aggregated to a gross picture, or spatially 
distributed to express data variability on very fine scales for providing more 
detailed and explanatory information related to spatial uniformity; 
e) Information can be spatially represented through GIS, revealing spatial geometries 
and extents that are often not apparent when information is provided in tabular 
form; and 
f) Remote sensing measurements are repetitive, hence can help the assessment of 
performance parameters for properly monitoring and evaluating the irrigation 
system. 
2.4 Probability Distribution in Water Resources  
A common task in water resources planning and management is modelling the random or 
stochastic variables (such as stream flows, precipitation, evaporation, temperature, water 
demand, etc.) of the system (Loucks and van Beek, 2005). This generally requires that one 
fits a probability distribution model to a set of historical data of the random variable. 
Sometimes, one’s immediate purpose is to estimate a particular quantile of the distribution, 
such as the 100-year flood or the 7-day, 10-year low river flow. Then the fitted distribution 
model will supply an estimate of this quantity. In a stochastic simulation model, the fitted 
distributions are used to generate possible future values of the random variable of interest. 
The simulated or synthetic sequences can be used in two main ways. Firstly, simulated 
sequences can be utilized in water resources project design. For instance, when designing 
a reservoir for irrigation, one can use both the observed flows and simulated data for 
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obtaining the most economical design. Simulated sequences are employed in the design 
process because when the reservoir comes into operation in the future, flows will never be 
exactly the same as the historical flows. Therefore, one wishes to subject tentative designs 
to a wide variety of stochastically possible flow scenarios. Secondly, simulation can be 
employed for studying the theoretical properties of a given model. In many cases, it is very 
difficult or, for practical purposes, impossible, to determine precise analytical results for a 
given theoretical property of the model. In such situations, simulation can be used for 
obtaining the theoretical results to a specified level of accuracy.  
The overall methodology to fitting models to data is referred to as model construction 
(Hipel and McLeod, 1994) and it consists the following steps: 
step 1. Identification of model 
step 2. Estimation of model parameters 
step 3. Testing the adequacy of the model 
At the identification stage the selection of model may be based on experience with data of 
that type, some understanding of the mechanisms that produce the data and/or analysis of 
the observations themselves (such as using various typed of graphs). Although occasionally 
it is possible to choose the best model based solely upon the identification results, in 
practice, often it is not apparent which model is most suitable, and hence some candidate 
models must be tentatively selected (Hipel and McLeod, 1994).  
The objective of the model identification stage is to establish the subset of models that 
 32 
 
seem to hold more promise for adequately modelling the observations. Important 
ingredients to the identification stage are a sound understanding of the phenomenon being 
modelled and also an appreciation of the mathematical attributes and limitations of the 
stochastic or probabilistic models that are being considered to model the observations from 
that phenomenon. A wide variety of simple graphical methods are available for selecting 
the most suitable model to fit to the data, such as time series plots, box-and-whisker graphs 
and autocorrelation functions. Visual inspection of a graph of the given observations 
against time can often reveal both obvious and also less apparent statistical characteristics 
of the data. Identification information which may be gleaned from a perusal of a graph 
include: autocorrelation, seasonality, nonstationarity, trends, extreme values (outliers), 
long-term cycle, know or unknown interventions.  
After identifying one or more candidate models to fit to the observed or historical data of 
the variable under consideration, next step is to estimate the model parameters. The 
commonly used parameter estimation procedures are the maximum-likelihood and the 
method of moments. Because of many attractive theoretical properties, the maximum-
likelihood method is the most popular general approach to parameter estimation.  
After estimating the parameters, some tests of model adequacy should be carried out. Such 
tests vary from simple methods (graphical or tabular comparisons of the observed data with 
the simulated data of the variable in question) to rigorous parametric and non-parametric 
statistical tests. Although quantitative techniques are generally more accurate and precise, 
graphical presentations are invaluable for comparing the fitted distribution with the 
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observations for the detection of systematic or unexplained deviations between the two. 
Example of such graphical method includes the probability plot and the quantile-quantile 
(Q-Q) plot.  The observed data will exhibit as a straight line on these plots if the 
hypothesized distribution model is the true distribution of the data. The straightness of each 
data set also allows quick comparisons to conformity with the theoretical distribution. 
Various rigorous statistical tests are available for confirming whether or not it is adequate 
to assume that a given data of certain random variable could have been drawn from a 
specific family of probability distribution models. Some of the most widely used are: 
Kolmogorov–Smirnov test, chi-square test, probability plot correlation coefficient test. 
When two or more of the candidate models happen to pass the adequacy test, model 
discrimination criteria such as the Akaike information criteria is used for ranking them. 
The probability density functions commonly used in hydrology and water resources fall 
into three families. The first includes the normal and log-normal distributions. The second 
is the gamma and related distributions that include the exponential, log Pearson type III 
and beta distributions. The third family includes the extreme value distributions; special 
cases are the Gumbel and the Weibull distributions. 
2.5 Performance Assessment of Irrigation Systems 
The present scenario of resources scarcity (water, energy, land, etc.), as well as the need to 
optimize crop production (in terms of quality and quantity), requires the improvement of 
irrigation systems to achieve high level of performance against their objectives. The 
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process of quantifying systematically and objectively the relevance, efficiency, 
effectiveness and impact of irrigation projects in the light of their objectives using some 
criteria is referred as performance assessment. Performance assessment is an integral part 
of irrigation system management and can be applied from many different perspectives. One 
perspective is measuring the performance of an irrigations system based on the different 
subsystems: hydraulic, agricultural, socio-economic and environmental. In this perspective, 
there has been an attempt to organize the different irrigation system management 
performance measures by various researchers and the most comprehensive was made by 
Bos (1993) as those that measure:  
a) Hydraulic performance: This includes indicators that compare the volumetric 
supply of water with demand, concept of reliability, and the socially oriented aspect 
of water sharing (equity). Specific example on this category includes, delivery ratio, 
conveyance efficiency, application efficiency, reliability, vulnerability, resilience, 
distribution uniformity, adequacy, relative water supply, dependability of water 
supply and interquartile ratio. 
b) Agricultural performance: This addresses the direct impact of operational inputs 
in terms of such aspects as area actually irrigated and crop production. Common 
examples under this category includes, cropping intensity, irrigation intensity, 
production performance, water productivity and crop quality.  
c) Socio-economic and environmental performance: This includes indicators that 
assess the impact of the hydraulic and agricultural inputs on the viability and 
sustainability of the irrigation project.  
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Another perspective is measuring the performance of the irrigation system with respect to 
its inputs (e.g. adequacy of water delivery), processes (e.g. efficiency of water delivery), 
outputs (e.g. crop production per unit of water delivered) and impacts (e.g. level of crop 
production improvement). Performance measures related to the different stages involved 
in irrigation water management can be broadly categorized as allocative (such as 
productivity and equity) and scheduling (e.g. adequacy, reliability, efficiency and 
sustainability) type. Performance measures can also be categorized as managerial 
(adequacy, reliability, flexibility and efficiency), economic (productivity), social (equity) 
and environmental (sustainability).  
An important aspect in the planning phase of an irrigation project is that assessing their 
expected performance under wide range of conditions during the operation phase. 
Generally, this is done using simulation methods based on historical or synthetic hydro-
meteorological variables related to the irrigation water supply and demand. Assessment of 
the performance measures during the planning stage can guide irrigation engineers and 
policy makers to make comparisons between alternative systems and their potential impact.  
Moreover, before implementing the irrigation system management plan into actual 
operation, the performance of the irrigation plan can also be subjected to simulation 
modelling to assess their expected performance during their operating life. The simulated 
results (during planning and operation) acts as a useful research tool for studying and 
evaluating the pros and cons of different irrigation strategies and plans. This will help 
planners and decision makers to review and modify the irrigation plan, if it is not 
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performing according to the objectives, and also to develop robust water allocation and 
scheduling rules which are stable over the years. During the evaluation stage of irrigation 
water management, actual performance measures of the irrigation project are estimated and 
compared with the planned performance (or simulated operation).  
2.6 Crop-Water Production Function 
2.6.1 General 
The functional relationship between crop yield and water use is defined as crop-water 
production function. Knowledge of the relationship between crop yield and water use 
would greatly contribute in:  
a) Prediction of crop yield response to different water supply regimes; 
b) Planning of strategies for water supply at farm and project level for optimum crop 
production and water use efficiency; 
c) Evaluation of alternate cropping patterns in relation to water availability, irrigation 
scheduling to crops and cropping systems; 
d) setting criteria, in terms of crop production, on which to base priorities for 
allocation of limited water to crops both between and within projects; and 
e) Economic analysis of irrigation project plans, operations and impacts on income as 
opposed to investment costs. 
Research aimed at determining the crop-water production function can be categorized into 
three groups:  
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a) Agronomists and other production oriented scientists often aim for the level of 
water inputs necessary to achieve maximum crop yield per unit land area; 
b) Irrigation engineers, at least in theory, desire to maximize the efficiency of 
irrigation water use;  
c) Economists argue that water, to be used efficiently, should be applied up to the 
point where the price of the last unit of water applied is just equal to the revenue 
obtained as a result of its application. 
2.6.2 Influence of water supply amount 
The crop-water production function expresses the response of a crop to the amount of water 
made available to the crop. According to Li (1998), modeling of crop-water production 
function follows the mechanistic or empirically approach.  The empirical models are of 
two types; one relating crop yield to seasonal evapotranspiration (ET) and the other 
addressing the crop yield response in relation to ET and to ET deficits in specific crop 
growth stages. A widely used of the first type is the one proposed by Stewart et al. (1977) 
where crop yield and ET are normalized according to their maximum values and it is 
expressed as: 
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Where;  
Y is actual yield (kg ha-1),  
Ym is maximum yield (kg ha
-1),  
 38 
 
ET is seasonal evapotranspiration (mm),  
ETm is maximum evapotranspiration (corresponding to maximum yield) (mm),  
ky is a coefficient which represents crop yield sensitivity to water deficits. 
Although the amount of water is limiting, it is often the seasonal distribution of water rather 
than lack of total seasonal amounts that affects crop growth and final yield (Mandal et al., 
2007). The magnitude of crop water stress/deficit is assessed in terms of the extent by 
which the actual evapotranspiration falls short of its potential or that the actual soil water 
content is short of a critical threshold value. The effect of water stress, as defined by these 
indices, interacts in a complex manner during different periods of the growing season. The 
combined effect of stress effects in several periods is evaluated by postulating that these 
effects are additive or multiplicative as given in Equation (2.2) and Equation (2.3) 
respectively. 
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Where;  
i represents the growth stage, and  
n is the number of growth stages.  
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Doorenbos and Kassam (1979) provides yield response factor for several crops. For 
example, the seasonal yield response factor (ky) of sorghum is 0.9 and the individual stage 
yield response factor (kyi) for each phonological stage is 0.2, 0.55, 0.45, and 0.2 for the 
vegetative, flowering, yield formation and ripening period respectively. 
2.6.3 Influence of water distribution uniformity 
In addition to the amount irrigation water applied to the field, its spatial distribution 
uniformity is also related to crop yields through the agronomic effects of under- or over-
irrigation (Clemmens and Molden, 2007). Insufficient water leads to high soil moisture 
tension, plant stress, and reduced crop yield. Excess water may also reduce yields below 
potential levels through mechanisms such as leaching of nutrients, increased disease 
incidence, and failure to simulate growth of the commercially valuable parts of the plant. 
Thus, the effects of irrigation uniformity on crop yield are an important consideration for 
the design and operation of irrigation systems (Montazar, 2010). In normal practice, a gross 
irrigation depth (Hg) is applied to compensate the required depth (Hr). Lack of uniformity 
causes that a fraction of the field receives less than the amount required, with an average 
deficit of HD. To account for the spatial non-uniformity of irrigation water application, 
Mantovani et al. (1995) have modified the crop-water production function of Equation 
(2.1) as follows: 
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Where; p is the fraction of maximum ET supplied by sources other than irrigation (such as 
stored soil moisture, rainfall, etc.). 
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CHAPTER THREE 
PERFORMANCE ASSESSMENT OF GASH                                           
DELTA SPATE IRRIGATION SYSTEM 
3.1 Introduction 
Despite the variability in the annual ﬂow of the Gash River, the annual target irrigation 
areas of the 3– and 2–year rotations system of the Gash Delta Spate Irrigation System 
(GDSIS) were decided on the basis of the average ﬂow. The purpose of this part of the 
study is to investigates the irrigation water supply performance of the GDSIS through a 
Monte Carlo simulation by considering the stochastic nature of the Gash River ﬂow. 
Moreover, the irrigation water supply, which determines the size of the irrigated area, 
depends on the Gash River water allocation policy and capacity as well as the operation 
and efﬁciency of the irrigation structures. Hence, this study also deals with a parametric 
analysis of the effects of water allocation policy, planning and operation of the irrigation 
structures on the performance of the GDSIS. Towards this purpose, the proposed approach 
can be used to analyze different strategies for rehabilitation planning and operation policies 
and to select the best possible option. 
3.2 Theoretical Background 
There are many ways of summarizing time series performance data that might result from 
simulation analysis. The simple ways and frequently used are the mean and variance 
(Hashimoto et al., 1982; Loucks and van Beek, 2005). These statistics provide a very vague 
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description of just how poorly a system might behave in the infrequent situation when 
failure does occur. Figure 3.1 shows a time series of the performance measure of two 
possible systems. The threshold line divides the time series performance data into 
satisfactory and unsatisfactory values. System-2 shown in red line remained in an 
unsatisfactory condition for a longer time than System-1. However, its maximum extent of 
failure is less than that of System-1. 
 
Figure 3.1: A plot of two system performances having the same mean and variance    
(adopted from Loucks and van Beek, 2005) 
Figure 3.1 clearly illustrates the inability of the mean and variance by themselves to define 
how severe and how frequent periods of poor performance may be. Therefore, additional 
criteria are needed to quantify the recurrence, duration, severity and other consequences of 
the non-satisfactory performance. Characteristics of this kind have been recently given a 
more systematic form via a number of criteria (risk, safety, reliability, resilience, 
vulnerability and robustness). The notions of these system performance criteria are 
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important in evaluation, design and management of water resource systems, as they usually 
account for the uncertainty of system parameters (Gates and Ahmed, 1995). Since their 
introduction by Hashimoto et al. (1982), reliability and vulnerability have gained 
popularity in water resources performance assessments (Kjeldsen and Rosbjerg, 2004; Jain 
and Bhunya, 2008; Jain, 2010; Asefa et al., 2014) and are used in this study. 
The reliability (α) is defined as the frequency or probability that a system (X) is in a 
satisfactory state (Sat). Therefore, the reliability of time series data can be defined as the 
number of data in a satisfactory state (S) divided by the total number of data (N) in the time 
series: 
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Vulnerability is a measure of the likely damage in a failure event and refers to the likely 
magnitude of a failure, if one occurs. Sometimes the consequences of the failure of a low 
probability event may be of large magnitude; hence prior strategies should be adopted to 
deal with the possible consequences of failures due to such events. Here, the idea of safe 
fail as opposed to fail safe is important; sometimes it is also referred to as survivability. In 
this study, the magnitude of a failure is equivalent to the deficit (D) of irrigation water 
supply and the expected value of vulnerability υ is given by Loucks and van Beek (2005): 
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3.3 Annual Flow Data and Statistics 
Analysis of the annual flow volume of the Gash River for 107 years (1907–2013) at Kassala 
Bridge, as shown in Figure 3.2, was carried out to check for randomness and select the best 
fit probability density function. The Gash River is a seasonal river, carrying water only 
during the rainy season from July to September. It is dry during the remaining months of 
the year. There is no flow carry-over from one year to the next. Moreover, a large part of 
the river basin is in the semi-arid region. Thus annual flows in this river can be assumed as 
independent time series. The correlogram as depicted in Figure 3.3 supports the above 
assumption. 
 
Figure 3.2: Annual flow of the Gash River measured at the Kassala Bridge gauging 
station (1907-2013; source: Gash Agricultural Scheme administration office 
and Gash River training unit, Kassala) 
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       Figure 3.3: Correlogram of annual flow volume at Kassala Bridge (1907-2013) 
In this study, normal, two- and three-parameter log-normal, two- and three-parameter 
gamma and two-parameter Weibull probability distribution functions are tested. Maximum 
likelihood method was used to estimate the parameters of each candidate. The chi-square 
test was used to check the goodness of fit at 95% confidence interval, and all the tested 
distributions were found to be adequate. The Akaike information criteria (AIC) was used 
to rank the selected probability distributions. The two-parameter Weibull distribution was 
found to be the best. This superiority of the two-parameter Weibull distribution over the 
others is also revealed in the Q–Q plot of Figure 3.4. 
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Figure 3.4: Q–Q plot of the selected probability density functions (N = normal, LN2P = 
two-parameter log-normal, LN3P = three-parameter log-normal, G2P = two-
parameter gamma, G3P = three-parameter gamma 3 and W2P = two-
parameter Weibull) 
3.4 Monte Carlo Simulation Model 
In Monte Carlo simulation, random values of each of the uncertain variables and/or 
parameters are generated on the basis of their respective probability distributions and the 
model describing the system is run using the generated values. When the steps involved in 
generating the random input variables/parameters and running the model of the system are 
repeated a large number of times, the statistical properties and the probability distribution 
of the model output can be estimated with reasonable degree of accuracy. Nowadays, in 
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which the computing power is not a limitation, Monte Carlo simulation becomes an 
extremely flexible, robust and versatile technique capable of solving a great variety of 
problems. 
The mathematical descriptions of reliability and vulnerability are based on the assumption 
that the system under consideration at a given time is in either a satisfactory state or an 
unsatisfactory state. The focus of the current study is on an irrigation system. Hence, the 
satisfactory state occurs when the irrigation water supply is able to meet the irrigation water 
demand and the unsatisfactory state occurs when the irrigation water supply is unable to 
meet the irrigation water demand. For convenience of comparing the 3– and 2–year rotation 
systems, the original vulnerability of Equation (3.2) is modified to a percentage of 
irrigation water demand (WD), and Equation (3.3) is introduced as vulnerability in this 
study: 
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To determine the long-term performance criteria realistically, stochastic demand for and 
stochastic supply of water should be taken into account (Dudley et al., 1972). However, in 
this study, as the main target is to assess the performance of the 3– and 2–year rotation 
systems, hereafter abbreviated as 3YR and 2YR systems, only the supply is considered 
stochastic. The demand is assumed as deterministic for two reasons: (i) the area is 
dominated by a single crop (sorghum) and (ii) the field is irrigated only once (before 
planting). 
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In addition to the annual volume of river flow, two parameters namely intake ratio and 
irrigation efficiency are considered for estimating the irrigation water supply. Intake ratio, 
as used here, refers to the fraction of river flow diverted to the GDSIS (volume of water 
diverted divided by total volume of river flow). The water allocation policies and practices 
of the GDSIS are such that 30% to 50% of the river flow is diverted for the spate irrigation 
(Anderson, 2011). Moreover, the intake ratio is also a function of the diversion structure 
capacity (e.g. total number of gates) and operation (e.g. number of gates opened during 
irrigation). In this study, irrigation efficiency refers to the ratio of the average amount of 
water stored in the root zone to the average amount diverted from the river. Annual silt 
removal from canals and the redesigning of the canals to adjust to local changes and 
regimes are some of the factors that affect the irrigation efficiency. The typical intake ratio 
and irrigation efficiency in the study area are 40% (Anderson, 2011) and 50% 
(Abdelgadir, 2007) respectively. 
The water diverted from the river via the diversion structures undergoes conveyance and 
application losses. The net irrigation water supply (Vs) stored in the root zone is therefore 
a fraction of the diverted amount and is expressed as follows: 
 rs VIRIEV   (3.4) 
Where;  
Vr is the annual river flow (10
6 m3),  
IR is the intake ratio (decimal), and  
IE is the irrigation efficiency (decimal). 
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In this study, sorghum, which is the dominant crop as per the current cropping pattern in 
the GDSIS (Anderson, 2011), is considered. According to Doorenbos and Kassam, (1979), 
the net crop water requirements of sorghum with a total growing period of 110 to 130 days 
are between 450 and 650 mm. In spate irrigations in Sudan, an average of 500 mm net 
stored in the soil is used as the norm, with a single watering per season (van Steenbergen 
et al., 2010). Hence, the volumetric net annual irrigation water demand for the 3YR 
(33,000 ha) and 2YR (50,000 ha) systems are about 165×106 and 250×106 m3 respectively. 
Based on the above-mentioned conditions, a Monte Carlo simulation was performed on the 
evaluation of reliability and vulnerability using generated river flow. The whole simulation 
process, which was written in R programming language, can be summarized as follows. 
Step. 1. Ensembles of 100-year river flow were generated using the two-parameter 
Weibull distribution ignoring autocorrelation. 
Step. 2. Each of the river flow value from step 1 was converted to net irrigation 
water supply using Equation (3.4). 
Step. 3. Each net irrigation water supply value was compared with the irrigation 
water demand to determine the number of satisfactory states (S) and deficits 
(Di); then the reliability and vulnerability were computed using 
Equation (3.1) and Equation (3.3) respectively. 
Step. 4. Steps 1 to 3 were repeated 5,000 times to determine the average and 
distribution of the reliability and vulnerability.  
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3.5 Results and Discussion 
3.5.1 Reliability  
Initially, the Monte Carlo simulation was performed for the 3YR and 2YR systems at 
typical values of intake ratio (40%) and irrigation efficiency (50%). The simulated results, 
which reveal the distribution of irrigation water supply reliability of the 3YR and 2YR, are 
shown in Figure 3.5. The mean reliability of the 3YR system is about 54%. This result is 
consistent with the qualitative assessment on the performance of the GDSIS by 
Ngirazie et al. (2015), which showed that the irrigation water supply is reliable to 53% of 
the farmers on average. When the annual target irrigated area is 50,000 ha (2YR) system, 
the mean reliability decreases to 18%. This low value of the reliability for the 2YR system 
reinforces the finding of other evaluation studies (e.g. Anderson, 2011; IFAD, 2012; IFAD, 
2014) on the GDSIS rehabilitation, which state that the target area of 50,000 ha was never 
realistic. As a result, the target irrigation area has been changed from 50,000 back to 
33,000 ha in 2008 according to the midterm progress report (IFAD, 2012). The coefficients 
of variation for the reliabilities of the 3YR and 2YR are 0.09 and 0.21 respectively. This 
implies that the reliability of the 2YR system is not only very low, but also more uncertain. 
Therefore, in terms of reliability, the 3YR system is much better than the 2YR system. 
 51 
 
 
Figure 3.5: Box–whisker plots of the reliabilities of the 3YR (33,000 ha) and 2YR 
(50,000 ha) systems for typical values of intake ratio (IR) and irrigation 
efficiency (IE) 
To test the sensitivity of the reliability to changes in the intake ratio (IR) and irrigation 
efficiency (IE), the Monte Carlo simulation was re-run for combinations of IR and IE. The 
resulting mean reliabilities are plotted in Figure 3.6, which indicates that the reliability 
increases as the IR and IE increase. Although this trend is apparent without such analysis, 
the rate and amount of change is of practical interest for planners and decision makers. The 
mean reliability of the 3YR and 2YR systems for all IR and IE combinations varied from 
0 to 91% and from 0 to 77% respectively. 
Relatively high reliability, greater than 60%, can be attained for the 3YR even for the low 
IR of 30% provided that the management of the system is good enough to achieve an IE of 
70%. This high value of reliability at a low IR may encourage planners and decision makers 
to invest more in improving the irrigation efficiency. However, such high reliability 
(greater than 60%) is unattainable in the 2YR system unless the IR is greater than 50% for 
the same IE of 70%. When the IR is very low, in this case 20%, the reliability is less than 
25% and 10% for the 3YR and 2YR respectively for all IEs considered. 
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Figure 3.6: Mean reliability versus irrigation efficiency (IE) at different levels of intake 
ratio (IR) of the 3– and 2–year rotation systems (◙ indicates typical values of 
IR and IE) 
For the typical value of IE (50%), the mean reliability of the 3YR and 2YR varied from 3 
to 80% and from 0 to 54% respectively. When the emphasis is on maintaining higher 
reliability, say 75% (the minimum standard value of irrigation system design in many 
countries), the IR has to be increased to more than 55% in the 3YR system. This is 
unachievable in the 2YR even at the high IR of 60% under the typical IE. When the IR is 
kept constant at its typical value (40%), the mean reliability of the 3YR and 2YR varied 
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from 10 to 77% and from 0 to 48% respectively. The 75% reliability can only be achieved 
at the optimistic high IE of 70% and only for the 3YR. 
Referring to Figure 3.6, the reliability values of 75% and 50% for the 33,000 ha and 
50,000 ha respectively can be achieved either by diverting 60% of the river flow or 
managing the irrigation system to a level of 70% IE. For both options, the increase in 
reliability would be accompanied by an increase in cost. However, the cost incurred for 
improving the IE can be compensated for by the value of the saved water. In fact, 
conserving water by improving IE in irrigated agriculture can enhance equity of water 
distribution among users. In contrast, the cost incurred by increasing the IR (for instance 
through the expansion of irrigation structures) would be accompanied by reduced water 
availability to other sectors. 
3.5.2 Vulnerability  
As explained in Section 3.4, the Monte Carlo simulation of the vulnerability was conducted 
simultaneously and at the same values of IR and IE as that of the reliability. The equivalent 
results are shown in Figure 3.7 and Figure 3.8.  Figure 3.7 presents the distribution of the 
simulated vulnerabilities for the 3YR and 2YR systems for typical values of IR (40%) and 
IE (50%). As expected the 2YR (irrigating 50,000 ha) is more vulnerable than the 3YR 
(irrigating 33,000 ha). The mean vulnerabilities of the 3YR and 2YR systems are 31% and 
38% respectively.  
The mean vulnerabilities of the 3YR and 2YR for all IR and IE combinations as shown in 
Figure 3.8, varied from 25 to 67% and from 28 to 77% respectively. Figure 3.8 shows that 
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the mean vulnerability changes marginally with increasing IE when IR is greater than 30% 
and 40% for the 3YR and 2YR respectively. In both systems, the change in vulnerability 
is high for the 20% IR. This implies that for the small amount of water diverted, when the 
irrigation efficiency is kept very low, e.g. 30%, the vulnerability is very high (about 65%). 
If efforts were made to improve the IE to e.g. 60%, the vulnerability would be improved to 
40% (25% improvement). In contrast, for larger IR (e.g. 50%), the corresponding change 
is only about 2%. This implies that increasing the IR from 40% to 50% or 60% when the 
IE is greater than 40% does not improve the vulnerability significantly. 
 
Figure 3.7: Box–whisker plots of the vulnerabilities of the 3YR (33,000 ha) and 2YR 
(50,000 ha) for typical values of intake ratio (IR) and irrigation efficiency (IE) 
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Figure 3.8: Mean vulnerability vs. irrigation efficiency (IE) at different levels of intake 
ratio (IR) of the 3– and 2–year rotation systems (◙ indicates typical values of 
IR and IE) 
An important observation from Figure 3.6 and Figure 3.8 is that the difference in 
vulnerabilities of the 3YR and 2YR is small compared to their respective reliability 
differences. For example, for an IR of 40% and IE of 50%, the reliability difference is 36%, 
while the vulnerability difference is only 7%. This indicates that in many years, the river 
flows, which are satisfactory in the 3YR, are marginally unsatisfactory in the 2YR. For 
example, if one chooses to irrigate 50,000 ha instead of 33,000 ha, the increment in the 
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average deficit of water is only 7%. This result, despite the high frequency of failure, might 
encourage the irrigation of 50,000 ha to accommodate many farmers. However, from an 
economic and sustainability point of view, it is necessary to carry out further investigation 
to translate the water-based vulnerability into the yield based vulnerability. In other words, 
irrigating 50,000 ha instead of 33,000 ha could be justified if the increase in total yield 
from the increase in area by 50% compensated for the reduction in yield caused by the 
relative average 7% water deficit. 
3.6 Conclusions 
This study provides a simple methodology to assess the performance of the GDSIS by 
handling the interdependent relationships among the main variables of the system. The 
selected criteria are reliability and vulnerability. The reliability and vulnerability of the 3– 
and 2–year rotation systems were examined at typical values of the intake ratio (IR) and 
irrigation efficiency (IE) and the result showed that the 3–year rotation is preferable in the 
GDSIS. Moreover, the analysis of the simulated criteria in the feasible ranges of IR and IE 
revealed that there could be substantial improvement in reliability and vulnerability. This 
study showed how the rate and amount of change in the selected criteria are affected by 
individual and concurrent changes of the selected irrigation water management parameters 
(IR and IE). The application of the methodology would provide planners and decision 
makers with guidance in the selection of a viable rotation system under different irrigation 
water supply and demand management strategies. 
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CHAPTER FOUR 
SATELLITE-BASED MAPPING OF CULTIVATED AREA                         
IN GASH DELTA SPATE IRRIGATION SYSTEM 
4.1 Introduction  
Accurate estimation of the acreage of an irrigation system is very crucial for its effective 
planning, design and management. The acreage of an irrigation system is an important 
input parameter to many performance indicators such as water use, water productivity, 
water rights, impact assessment, and performance diagnosis among others. Despite their 
importance in estimating irrigation performance indicators, irrigation system data of which 
irrigated/cultivated area is among, are seldom measured in a regular and reliable manner 
to cover the entire irrigation system. Under such conditions, remote sensing techniques 
have been found to be a viable option and have been extensively used for mapping 
irrigated/cultivated areas (Biggs, 2006; Alexandridis, 2008; Pervez and Brown, 2010; 
Gumma et al., 2011; Pervez et al., 2014; Gallego et al., 2014). Ozdogan et al. (2010) 
provided a thorough review of the sensors (e.g. Moderate Resolution Imaging 
Spectroradiometer (MODIS), Satellite Pour l’Observation de la Terre (SPOT), Land 
remote-sensing Satellite (LANDSAT)) and methods used for mapping irrigated/cultivated 
areas at local, regional, continental, and global scales. 
At a local scale, the most common mapping methods are visual interpretation and the 
digital classification of single or multi dated images (Ozdogan et al., 2010). The most 
commonly used methods within the latter method include multi-stage classification, 
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unsupervised clustering, density slicing, and decision tree classification. Most of the digital 
image classification approaches depend on statistical similarities to a predefined set of 
conditions based on observations or existing maps. The requirement of enormous amounts 
of training and ancillary data makes these methods of classification impossible from remote 
sensing data alone (Nemani and Running, 1997). Moreover, these methods depend on the 
magnitude and temporal evolution of spectral vegetation indices derived from the red and 
near-infrared reflectance (Gumma et al., 2011; Mondal et al., 2014). However, some 
studies (Lambin and Ehrlich, 1996; Karnieli et al., 2010; Julien, 2011; Sinha, 2015) have 
shown the potential of the combined analysis of spectral vegetation indices with surface 
temperature observations for studying surface energy exchange processes. A simple and 
completely remote sensing based land cover classification scheme was proposed by 
Nemani and Running (1997). They employed the seasonal dynamics of the Normalized 
Difference Vegetation Index (NDVI) and surface temperature to characterize different land 
cover types such as barren, shrub, forests, water, crops, and others. This part of the current 
study adopted their classification logic, with necessary modifications, to develop a 
methodology to extract the seasonal cultivated area of the Gash Delta Spate Irrigation 
System (GDSIS).  
The methodology deals with visual interpretation and spectral and thermal analysis of 
carefully selected Landsat-7 Enhanced Thematic Mapper Plus (ETM+) images that fall 
within the given crop season. This analysis, plus information on the cropping calendar, was 
focused on developing a simple and easily modifiable and interpretable threshold-based 
algorithm to extract the cultivated area. That is, although there are voluminous remote 
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sensing-based indices and classification approaches, in this study, however, I sought to 
develop a methodology that was simple and intuitive for the target users. In doing so, the 
main objective of the study was to investigate the capability of visual interpretations of a 
conveniently selected satellite image in identifying and selecting sample points, and the 
importance of combining the spectral and thermal bands of Landsat image in uniquely 
characterizing the land cover of the study area. 
4.2 Data and Methods 
The primary data used in this study are Landsat-7 ETM+ images. A total of 14 date landsat-
7 ETM+ images were used for the algorithm development and testing. These gap-present 
(SLC-off) images were downloaded from USGS Global Visualization Viewer 
(http://glovis.usgs.gov). The selection of this data product was justified by the following 
reasons. Firstly, Landsat-7 ETM+ has relatively high spatial and temporal resolution. 
Secondly the location of the case study is within the centre of the image, where the data 
quality is very similar to the SLC-on Landsat-7 ETM+ data. In addition to the Landsat-7 
ETM+, Google Earth was utilized to delineate irrigation block boundaries. Finally, field 
reported data on cultivated areas compiled by Anderson (2011) was used to compare the 
results of the developed method. 
The focus of this study is to develop a simple satellite remote sensing based algorithm for 
mapping and estimating the cultivated area of GDSIS. The methodology consists four main 
steps: (1) preparation and enhancement of satellite images; (2) visual interpretation of 
original and enhanced image to identify and select sample points; (3) building of threshold-
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based classification algorithm; (4) testing the applicability of the methodology and the 
algorithm. Figure 4.1 depicts the flow chart of the process and the evolution of the satellite 
image through each process in this study.  
4.2.1 Image pre-processing 
Generally, image pre-processing deals with all preparatory steps necessary to improve the 
quality of original image for increasing the interpretability and utility in further analysis. 
In this research image pre-processing deals with (1) acquiring and organizing the satellite 
images, (2) selection of bands and radiometric calibration and (3) visual and spectral 
enhancement of images. Owing to the availability of field data for testing the proposed 
methodology, searching of cloud free Landsat 7-ETM+ images was limited from year 2004 
to 2011. Season 2009-2010 was found to have fairly even interval of images across the 
cropping season. Eventually this season was selected for the algorithm calibration. Satellite 
image acquired on July 28, 2009, hereafter abbreviated as Jul-28, falls within the irrigation 
period while all the other images are within the crop growing period (September to 
February). Bands 1 to 6 from the single-date image (Jul-28) and 3, 4 and 6 from the other 
images were selected and processed for the production of visually and spectrally enhanced 
images. Spectral enhancement was performed by computing relevant vegetation and water 
spectral indices.  Bands 2 and 5 were used for the calculation of Modified Normalized 
Difference Water Index (MNDWI). Bands 3 and 4 were used for the calculation of the 
NDVI. Finally, band 6 was selected for the estimation of surface temperature. Table 4.1 
shows the selected bands and their corresponding attributes.  
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Table 4.1: Selected bands and their corresponding attributes 
Band Gain LMIN LMAX ESUNλ 
1 Low -6.2 293.7 1970 
2 Low -6.4 300.9 1842 
3 Low -5.0 234.4 1547 
4 Low -5.1 241.1 1044 
5 Low -1.0 47.57 225.7 
6 Low 0.0 17.04 - 
Landsat-7 ETM+ sensors capture reflected solar energy, convert these data to radiance, 
then rescale these data into an 8-bit digital number (DN) with a range between 0–255 
(Chander, 2009). The optical and thermal DN values were converted to the reflectance and 
land surface temperature (Ts), respectively, as follows: 
Step 1. Digital Number (DN) to Radiance: 
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 
   LMINQCALMINQCAL
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


  (4.1) 
Where;  
Lλ is spectral radiance at the sensors aperture in W/(m
2 × sr × µm),  
QCAL is the quantized calibrated pixel value in DN,  
LMINλ is the spectral radiance that is scaled to QCALMIN in W/(m
2 × sr × µm), 
 LMAXλ is the spectral radiance that is scaled to QCALMAX in W/( m
2 × sr × µm),  
QCALMIN is the minimum quantized calibrated pixel value (corresponding to 
LMINλ) in DN (= 1 for LPGS products, = 1 for NLAPS products processed after 
4/4/2004, = 0 for NLAPS products processed before 4/4/2004) and  
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QCALMAX is the maximum quantized calibrated pixel value (corresponding to 
LMAXλ) in DN 
Step 2: Radiance to Reflectance: 
For relatively clear Landsat scenes, a reduction in between-scene variability can be 
achieved through a normalization for solar irradiance by converting spectral radiance, as 
calculated above, to planetary reflectance or albedo. This combined surface and 
atmospheric reflectance of the earth is computed as follows: 
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  (4.2) 
Where;  
⍴p is unit less planetary reflectance,  
Lλ is spectral radiance at the sensor’s aperture,  
d is Earth-Sun distance in astronomical units,  
ESUNλ is mean solar exoatmospheric irradiance,  
θs is solar zenith angle in degrees 
Step 2: Radiance to Temperature: 
Landsat-7 ETM+ Band 6 imagery is converted from spectral radiance to a more physically 
useful variable as follows:  
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(4.3) 
Where;  
Ts is effective at-satellite temperature in Kelvin,  
K2 is calibration constant which is 1282.71 Kelvin,  
K1 is calibration constant which is 666.09 W/(m
2 × sr × µm),  
Lλ is spectral radiance at the sensors aperture in W/(m
2 × sr × µm) 
In GDSIS flood water from Gash River is diverted to each prepared Misga for about three 
weeks within the irrigation period (Mid-July to Mid-September). This practice leaves the 
irrigated area covered with water or wet enough to be clearly detected on a satellite image 
acquired within or just a few days after the irrigation period. Hence, Modified Normalized 
Difference Water Index (MNDWI) proposed by Xu (2006) is adopted to identify typical 
irrigated area. It is the normalized ratio of Green and middle-infrared (MIR) bands: 
 
 
 MIRGreen  
MIRGreen  
   MNDWI


  (4.4) 
This index is designed to (1) maximize reflectance of water by using green wavelengths; 
(2) minimize the low reflectance of MIR by water features; and (3) take advantage of the 
high reflectance of MIR by vegetation and soil features. As a result, water features have 
positive values and thus are enhanced, while vegetation and soil usually have zero or 
negative values and therefore are suppressed (Xu, 2006).  
The vegetation spectral index used in this study is the Normalized Difference Vegetation 
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Index (NDVI). It is the normalized ratio of near infrared (NIR) and Red bands, which are 
the most sensitive to the vegetation and is expressed as: 
 
Red  (NIR)
Red  (NIR)
   NDVI


  (4.4) 
4.2.2 Identification and selection of sample points  
Most studies that involve classification of satellite image start with collection of sample 
points for training the classification algorithm and validation of the result. Normally these 
sample points have to be collected by a usually expensive and difficult field survey in the 
same time as the satellite image acquisition (Alexandridis et al. 2008). This often 
constitutes the largest cost of the mapping project. However, when the mapped features are 
evidently identified from the original or enhanced satellite images, visual interpretation can 
substitute the field survey (Koutsias, 2003). Hence, in this study, visual interpretation of 
image is employed to identify irrigated, dry-bare and forest areas. Due to the specific nature 
of the GDSIS, image during the irrigation period (or before sowing) is suitable for 
identifying the above features. Accordingly, Landsat-7 ETM+ image of July 28, 2009 was 
selected for this purpose. This image was then processed to produce the standard false 
colour, pseudo natural colour, NDVI and MNDWI maps. Finally, the above maps were 
visually interpreted to select sample points of irrigated, bare-dry, and forest areas. 
4.2.3 Building the classification algorithm 
A decision tree classification is a technique that utilizes different decision factors to arrive 
at a higher level in a hierarchical decision-making environment. The end branches of the 
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tree represent the final classes. Tree based methods have substantial advantages for remote 
sensing classification problems because of their flexibility, intuitive simplicity and 
computational efficiency (Ozdogan and Gutman, 2008). In this study, first, NDVI and 
surface temperature (Ts) plots of all the sample points, identified and selected by visual 
interpretation, were produced to study the temporal dynamics of crop condition across a 
season. These plots plus knowledge of the irrigation and cropping calendar were then used 
to manually calibrate the classification algorithm. That is, the required variables and their 
corresponding thresholds of the classification were set based on the NDVI and Ts temporal 
evolutions of the selected sample points in conjunction with temporal information on crop 
planting, maturity, and harvest. Nemani and Running (1997) established a conceptual 
diagram showing the seasonal trajectories of different land cover types in the Ts-NDVI 
space. In this study, a similar Ts-NDVI space of the selected sample points was developed. 
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Figure 4.1: Flow chart of the proposed methodology to map the cultivated area of Gash 
Delta Spate Irrigation Scheme from Landsat Image. (* irrigation period is 
roughly from Mid-July to Mid-September) 
4.2.4 Verification of results 
Due to the lack of ground truth data on cultivated area I rely on the field report data of 
cultivated area for verification of the methodology. First, the developed algorithm was 
validated by comparing cultivated area from the developed method with the field reported 
data. Second, the whole process was repeated for other crop season. Although, field 
reported data on cultivated area are available for all the six irrigation blocks, but the most 
northern irrigation block (Hadaliya) was excluded from the analysis as it was found to be 
very difficult to delineate it form the available maps of irrigation network. Unlike with the 
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other five irrigation blocks, which are bordered by two main canals, one from the south 
and the other from the north, in Hadaliya block there is only one main canal to its south. 
The none existence of main canal to its north and the disappearing of the Gash River near 
the Hadaliya block made difficult to clearly delineated it from Google Earth. 
4.3 Results and Discussion 
4.3.1 Identification and selection of sample points 
Visual interpretation of a conveniently selected image was done in order to confidently 
identify and select the pixels of interest. Figure 4.2 depicts the identification and selection 
of sample points of interest from pseudo natural colour, MNDWI and NDVI maps. In the 
pseudo natural colour flooded area (flooded due to irrigation, hereafter referred as irrigated 
area) is shown as dark-blue, forest as green and dry-bare area as brown. As expected the 
MNDWI and NDVI enhanced the presence of water (flooded surface) and vegetation, 
respectively. In both images white is high value and black is low value. The very sharp 
MNDWI image indicates very high moisture difference in the GDSIS during the irrigation 
period. This proves the potential of employing MNDWI to identify typical irrigated areas. 
Although pseudo natural colour, MNDWI and NDVI maps showed distinction between 
irrigated, bare-dry and forest areas, information from standard false colour and Google 
Earth were also used to increase the confidence of identification and selection of the sample 
points of interest. 
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Figure 4.2: Identification and selection of sample points from visually and spectrally 
enhanced maps of Landsat-7 ETM+ (July 28, 2009) of GDSIS 
Considering the analysis of the visual interpretation, one could attempt to estimate or map 
the seasonal irrigated area. However, as the irrigation period of the GDSIS extends from 
July to September, irrigated areas that are irrigated after July 28, 2009, cannot be identified 
from Figure 4.2. Therefore, extraction and mapping of the seasonal irrigated area only from 
a single image acquired within the irrigation period would be incomplete. Moreover, the 
aim of this study is to map and estimate the seasonal cultivated area, which is usually less 
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than the irrigated area (Anderson, 2011). This is because, no sowing of crops take place on 
the portion of the irrigated area that: (i) either accumulated too little moisture to supply the 
total seasonal crop water requirement; (ii) or not properly prepared for cultivation of crops. 
In other words, in GDSIS, irrigation is a necessary, but not every irrigated area has 
sufficient condition for cultivation.  Considering the above situation, selection of the 
typical irrigated areas is done from areas with high MNDWI (high water) and low NDVI 
(no vegetation or no mesquite infestation). Ultimately, the selected typical irrigated areas 
were safely assumed as sample for cultivated areas. Accordingly, 150 typical points (50 
each) from the irrigated, dry-bare and forest area were selected and analysed for the 
development of an algorithm that extracts the cultivated area. The selection of dry-bare 
points, as shown in Figure 4.2, was made outside but near the GDSIS to avoid any 
possibility of being irrigated after July 28, 2009. 
4.3.2 Building the algorithm  
Nemani and Running (1997) established a conceptual diagram showing the seasonal 
trajectories of different land cover types in the Ts-NDVI space. In this study, a similar Ts-
NDVI space of the selected sample points was developed as shown in Figure 4.3. As the 
purpose of this study was to extract the cultivated area in the GDSIS, Figure 4.3 is derived 
from the crop growing season in the GDSIS (September to February). Hence, the mean 
surface temperature and mean NDVI refers to the seasonal mean computed from satellite 
images within the crop growing period. However, the selection of sample points was done 
from an image from the irrigation period (in this case, July 28, 2009).  
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As stated by Nemani and Running (1997), forests maintain relatively lower temperature in 
comparison to crops. Forests—with their deep root systems—tend to dissipate more energy 
by transpiration through much of the growing season, and therefore maintain canopy 
temperatures close to air temperature. Moreover, forests are aerodynamically rough and 
can dissipate energy efficiently as sensible heat, therefore maintaining low surface 
temperatures. Furthermore, forests generally have higher canopy covers and low fraction 
of exposed soils, again contributing to low radiometric temperature (Nemani and Running 
1997). On the other hand, crops show a higher surface temperature for two reasons: (1) 
under low-to-moderate wind speed, crops are aerodynamically smooth when compared to 
forests, therefore the high aerodynamic resistances suppress sensible heat transfer, 
 
Figure 4.3: Temperature-NDVI space of the selected sample points (seasonal mean 
refers to the mean value of each selected point across the crop growing 
season depending on the six images (September to February)) 
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resulting in higher surface temperature; and (2) incomplete canopies through much of the 
growing season allow more radiation to penetrate and heat the underlying soil, thus 
contributing to high surface temperature. These phenomena can be clearly observed in 
Figure 4.3.  
The selected typical dry-bare sample points exhibited a very low NDVI and high Ts. This 
result was consistent with the study by Nemani and Running (1997), where they set the 
threshold value of less than 0.15 mean NDVI and greater than 35 °C Ts for the barren 
surface. Therefore, these sample points must be representative of land surface that is neither 
cultivated nor covered with forest during that particular season.  
To investigate the seasonal NDVI and Ts dynamics, the mean values of all the selected 
pixels in their respective features at each image date were computed and are depicted in 
Figure 4.4. Figure 4.4a shows that the forest pixels have relatively high NDVI value 
throughout, even before sowing (Jul-28) and after harvest (Feb-05). The NDVI of the 
cultivated area across the crop growing season shows an increase that corresponds with the 
start of the crop growth, the NDVI then peaks, establishing a plateau (which corresponds 
to a period of high photosynthetic activity), and then finally decreases, corresponding with 
the start of crop harvesting period. In Figure 4.4b, the forest pixels maintained a relatively 
low temperature (less than 32 °C) throughout the season. Moreover, the variability of NDVI 
for the forest was lower when compared to that of the crops (cultivated). Hence, the 
selected forest pixels must be evergreen forests, most likely mesquite trees, which are very 
dominant in the Gash Delta.  
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Figure 4.4: NDVI and surface temperature (Ts) temporal plots of the selected sample 
points (sample points mean refers to the mean of all the selected points in 
their respective feature at the given date) 
On the basis of the above analysis, the threshold-based rule to extract the cultivated area 
(shown in Figure 4.5) was developed. Different studies such as Nemani and Running, 1997; 
Pervez et al., 2014) have employed many variables (mean, maximum, minimum, range, 
etc.) derived from many indices to develop classification algorithms for a study area with 
complex land cover. In this study, however, primarily owing to the non-complex land cover 
of the GDSIS and in search of a simple algorithm, only two variables (seasonal mean Ts 
and NDVI) were found sufficient, as clearly seen in Figure 4.3. The threshold values of the 
selected variables were fixed manually from Figure 4.3. Caution was taken to maximize 
the inclusion of the cultivated points while minimizing the inclusion from other sample 
points (Dry-Bare and Forest). Accordingly, an NDVI of 0.2 to 0.4 and Ts of 30–35 °C was 
set to best define the region containing the cultivated sample points for the 2009–2010 
season. This region was expressed in the form of a decision tree algorithm as shown in 
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Figure 4.5. The classification decision tree was made to have two simple branches: the first 
branch, with variables and their corresponding threshold values, produces the cultivated 
area pixels; and the second branch lumps all the pixels excluded from the first branch as 
uncultivated. 
 
Figure 4.5: Threshold-based decision tree to extract the cultivated area (2009–2010 
season) 
In this study, the main purpose was to estimate (extract) the cultivated area, not to classify 
the land use/cover of the study area. At the same time, the selected land features in Figure 
4.2 do not represent the whole land cover of the study area, but are sufficient for analysing 
the seasonal NDVI and Ts dynamics to extract the cultivated area. Therefore, although only 
the NDVI threshold seemed to suffice (Figure 4.3); however, to ensure exclusion of any 
land cover other than those represented by the dry-bare and forest, adding the Ts threshold 
was necessary. The upper limit of the Ts, for example, is important in excluding short lived 
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grasses grown in the insufficiently irrigated, hence uncultivated area. On the other hand, 
the lower limit of Ts was set to exclude, for example, well irrigated areas that were 
uncultivated due to poor land preparation (infested by trees). 
4.3.3 Verification  
The developed algorithm was set in ERDAS IMAGINE 8.4 to map and estimate the total 
cultivated area of the respective seasons in the GDSIS. The orientation of the cultivated 
fields (Figure 4.6) was found to match the orientation of Misgas (local name for irrigation 
unit) identified from Google Earth and the design layout of the irrigation system network.  
 
Figure 4.6: Cultivated area maps using the developed algorithm (2009-2010 season) 
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To quantitatively assess the accuracy of the algorithm, the extracted cultivated areas were 
also compared with field reported cultivated areas (Table 4.2). Although I acknowledged 
the inaccuracies associated with field data, I relied on the cultivated areas reported by 
Anderson (2011) which seemed to be the most complete report (detailing the target 
irrigation area, actual irrigated area, and actual cultivated area for each block from 2004–
2011), hence considered to be the best available data for verification. 
           Table 4.2: Verification results of cultivated area the 2009-2010 season 
Method of 
estimation 
Cultivated Area (ha) 
Kassala Mekali Degain Tendelai Metateib 
Field report 5064 4876 5621 5371 2924 
Remote sensing 4954 4648 5845 5330 3286 
Error (ha) –110 –228 224 –41 362 
Error (%) –2 –5 4 –1 12 
As shown in Table 4.2, the cultivated areas estimated by the algorithm were very 
comparable to the field reported cultivated area. The algorithm slightly overestimated the 
cultivated area for the Degain irrigation block by 224 ha (4%), and for the Metateib 
irrigation block by 362 ha (12%). On the other hand, it marginally underestimated the 
cultivated area of the other three irrigation blocks, Kassala by 110 ha (2%), Mekali by 228 
ha (5%), and Tendelai by 41 ha (1%).  
To test its applicability, the developed approach was repeated for the 2004–2005 season. 
This season was selected merely on the basis of the availability of many cloud free Landsat-
7 ETM+ images. Out of all these images, only the image dated August 31, 2004 fell in the 
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irrigation period and was used for selecting the sample points. This date was near the end 
of the irrigation period and as a result, a sharp MNDWI, pseudo natural, and standard false 
color image could not be produced. This ultimately affected the quality of the sample data. 
This can be noted from Figure 4.7, where the boundary between the cultivated and forest 
points are not as clear as those in Figure 4.3 (2009–2010 season). Although the NDVI and 
Ts plots showed the same pattern, it also showed the necessity of modifying the threshold 
values slightly. Accordingly, the threshold values for the 2004–2005 season were set at a 
mean NDVI of 0.2 to 0.35 and mean Ts of 30–34 °C, as shown in Figure 4.7. The two 
cultivated sample points (blue, triangle mark) with a mean NDVI greater than 0.35 were 
neglected to avoid the inclusion of many sample points from the forest (green, rectangle 
mark). In other words, a mean NDVI upper limit of 0.35 was more representative of the 
cultivated sample points than a mean NDVI upper limit of 0.4. 
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The developed algorithm (Figure 4.8) was used to extract the cultivated area for the 2004–
2005 season and was compared with the field reported cultivated areas as shown in Table 
4.3. The algorithm overestimated the cultivated area of the Kassala irrigation block by 
10%, and Mekali irrigation block by 20%, whereas it underestimated those of the Degain 
irrigation block by 12%, Tendelai irrigation block by 19%, and Metateib irrigation block 
by 25%. Although the errors across all irrigation blocks of the 2004–2005 season were 
larger than those of 2009–2010, the authors still believe that these errors are reasonably 
acceptable. The overall good agreement of the estimated cultivated area with the field 
reported data demonstrates the potential of applying the proposed methodology in GDSIS.  
 
Figure 4.7: Temperature-NDVI space of the selected pixels from the 2004–2005 season 
(seasonal mean refers to the mean value of each selected point across the 
growing season depending on the six images (September to February)) 
 
 78 
 
 
Figure 4.8: Threshold-based decision tree to extract the cultivated area (2004–2005 
season) 
           Table 4.3: Verification results of cultivated area from the 2004-2005 season 
Method of 
estimation 
Cultivated Area (ha) 
Kassala Mekali Degain Tendelai Metateib 
Field report 4066 3459 5397 1806 2054 
Remote sensing 4485 4156 4746 1471 1532 
Error (ha) 419 697 –651 –335 –522 
Error (%) 10 20 –12 –19 –25 
Assuming that other sources of error were the same for both seasons, the relatively poor 
performance by the algorithm for 2004–2005 was primarily due to the quality of the sample 
points. As pointed out when setting the threshold values of the algorithm, the quality of the 
sample points is dependent on the date of the satellite image used for the identification and 
selection of the sample points. This implies the acquisition of a cloud free satellite image 
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during the irrigation period, from which sufficiently watered areas could be clearly and 
confidently identified, is necessary for the accuracy of the developed algorithm.  
Although the Ts-NDVI space for both seasons showed the same pattern, the resulting 
threshold values were slightly different. The influence of this small difference was 
examined by changing the NDVI threshold upper limit for the 2004–2005 season from 0.35 
to 0.4. This change decreased the performance of the algorithm with an error in some of 
the irrigation blocks as high as 50%. Similar influence was also observed when the Ts 
threshold upper limit was set at 35 °C instead of 34 °C. This implies that while the model 
framework was simple and intuitive, the accuracy of the cultivated area mapping results 
was highly sensitive to the NDVI and Ts threshold values. Hence, fixing the threshold 
values using sample points as demonstrated by Figures 4.3 and 4.7 was necessary to 
estimate the cultivated area of each season.  
4.4 Conclusions 
In this study, satellite remote sensing data were employed to develop a methodology for 
mapping and estimating the seasonal cultivated area in the GDSIS. Visual interpretations 
followed by NDVI and surface temperature (Ts) analysis of selected images within the 
crop period were performed to develop a threshold-based classification algorithm. Due to 
the specific nature of the GDSIS, the visual interpretations were found to be very effective 
in selecting sample points. The multi-date image analysis using NDVI and Ts plots of the 
selected sample points demonstrated the importance of combining information from 
multiple bands of Landsat-7 ETM+ to uniquely characterize the cultivated area.  
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Verification of results by comparing the estimated cultivated area with the field reported 
area demonstrated the capability of the developed algorithm and hence the potential of the 
proposed approach. Moreover, repeating the methodology in a different season proved that 
the seasonal cultivated area of the GDSIS could be mapped and estimated solely from 
Landsat-7 ETM+ images. The application of this simple methodology, which requires 
basic knowledge of remote sensing techniques and uses freely available satellite data, can 
help the GDSIS management office to regularly estimate the cultivated area at low cost. 
The main limitation of this study is the use of field reported cultivated area for the 
verification of results. Moreover, this study focused only on the cultivated area, however, 
estimation of the seasonal areas that are irrigated, but uncultivated due to little water 
application, and uncultivated areas due to poor land preparation are also very important to 
the management of the system. Therefore, future works should extend the current study to 
include the above areas and improve the verification process using ground truth data on 
cultivated areas. 
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CHAPTER FIVE 
STUDY ON SOIL MOISTURE DISTRIBUTION OF                               
GASH DELTA SPATE IRRIGATION SYSTEM 
5.1 Introduction 
Soil moisture content plays an important role in terrestrial water cycle and is used as a key 
variable in several applications such as drought severity and duration, irrigation scheduling, 
soil erosion, evapotranspiration, forest fire hazard and forest management. The direct 
measurement is the most accurate method for estimating soil moisture, however it is 
expensive, time consuming and only provides point measurements. Technological 
advances in satellite remote sensing have offered an alternative to field measurements of 
soil moisture and enabled us to monitor it at higher temporal and spatial resolutions at 
lower cost and time (Rahimzadeh-Bajgiran et al., 2013). Many researchers have developed 
different methods that vary from purely empirical to more physically-based approaches for 
estimating soil moisture as a function of satellite-derived land surface parameters. 
Despite its importance, the paucity and unreliability of data such as cultivated areas, 
evapotranspiration, soil moisture, crop production and others are the main barriers for 
conducting scientific studies of the Gash Delta Spate Irrigation System (GDSIS). However, 
a few studies have shown the potential and possibility of using remote sensing to augment 
the data for irrigation system management and planning. Khalid et al. (2012) have applied 
SEBAL to estimate actual evapotranspiration, cultivated area and water use efficiency of 
the GDSIS. SEBAL, which is an acronym for “Surface Energy Balance Algorithm for 
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Land” developed by Bastiaanssen et al. (1998), is a parametrization of energy balance and 
surface fluxes based on satellite measurement with main target of estimating actual 
evapotranspiration. 
Therefore, this study is an extension of the study by Khalid et al. (2012) and intends to 
show an additional possible use of remote sensing data in GDSIS with particular interest 
in soil moisture distribution. A simple single-band and multi-band indices that discriminate 
wet surface are used to show flooded area and the area is compared with the soil moisture 
distribution by SEBAL-based approach. Moreover, probabilistic distribution of soil 
moisture was examined using the SEBAL-based relative soil moisture. 
In GDSIS spate water is distributed to an annually prepared area for an effective average 
period of 60 to 70 days (July–September) to supply the total seasonal irrigation water 
requirement of the crop. The portion of the prepared area that received water within this 
period is referred as irrigated area. Out of the total irrigated area, the portion that received 
sufficient water (stored sufficient moisture) is distributed to farmers for cultivation, in 
which the cultivated crops grow from October to February without additional irrigation. 
However, judgment of the irrigated area as sufficiently irrigated (stored sufficient 
moisture) and insufficiently irrigated has been done by experience. Hence, our study, which 
provides a methodology to estimates the spatial and temporal distribution of soil moisture, 
can be an essential tool to increase the accuracy of classifying the irrigated area into 
sufficiently (well-irrigated) and insufficiently irrigated. 
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5.2 Methods 
In GDSIS, the irrigation (flood water application) period is from July to September. The 
period of water spreading over the field for irrigation lasts from 10 to 20 days and then the 
watering is continued for a further 10 to 20 days. This practice leaves the irrigated area 
covered with water or wet enough to be clearly detected on a satellite image acquired within 
this period. Band 5, which is the middle-infrared (1.55-1.75 µm) in Landsat-7 ETM+, has 
the capability of discriminating the wet or flooded surface. Hence, Band-5 of Landsat-7 
ETM+ and the Modified Normalized Difference Water Index (MNDWI) proposed by Xu 
(2006) are adopted to identify extent of water spread or wet surface. Moreover, this study 
also used the results of SEBAL for estimating the soil moisture in GDSIS. The SEBAL 
developed by Bastiaanssen et al. (1998) computes a complete radiation and energy balance 
for the surface along with heat fluxes and resistances for momentum, heat and water vapor 
transport. The land surface energy balance is expressed as: 
 GEHRn    (5.1) 
Where;  
Rn is net radiation heat flux to the surface,  
H is sensible heat flux to the air,  
λE is latent heat flux (energy used for evaporation), and  
G is soil heat flux. 
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The SEBAL model comprises of a number of computational steps for image processing 
and produces a number of intermediate variables such as NDVI, surface albedo and surface 
temperature. Then, different empirical and physical relationships are used to derive the Rn, 
G, and H as a function of the above intermediate variables. Finally, the daily actual 
evapotranspiration is estimated as: 
 

24
24
86400 nRET

  (5.2) 
Where;  
ET24 is actual evapotranspiration (mm d
-1),  
Rn24 is daily net radiation (Wm
-2),  
λ is the latent heat of vaporization, and  
Λ is evaporative fraction (dimensionless). 
The evaporative fraction (Λ) is the ratio between the latent heat flux (λE) and the net 
available energy that is the net radiation (Rn) minus soil heat flux (G). 
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E
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 (5.3) 
Soil wetness is clearly manifested in the surface energy balance by the magnitude of 
sensible heat (H) and latent heat fluxes (λE) (Ahmed and Bastiaanssen, 2003). If a soil is 
dry, H will be large and λE will be small and the contrary holds true for wet soil. 
Scott et al. (2003) have developed an empirical relationship between the evaporative 
fraction (Λ) and soil moisture content (θ). The relationship is expressed as: 
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Where;  
θs is saturated soil moisture content, and  
θ/θs is relative soil moisture content and ranges from 0 (oven dry soil) to 1 (full 
saturation). 
Equation (5.4) is denominated as standard relationship and can be applied to a wide range 
of soils (Ahmed and Bastiaanssen, 2003). As a result, it was applied without calibration in 
many areas such as Mexico, Indus River Basin, and Egypt (Bezerra et al., 2013). 
Normalizing the soil moisture between 0 and 1 allows the empirical function to be applied 
to a wider range of soil types as it excludes the soil specific limits such as saturated soil 
water content and dry bulk density. Due to the limitation of reliable distributed soil specific 
data, actual soil moisture content could not be estimated. However, as the target is to 
estimate the moisture distribution uniformity, the relative soil moisture was considered to 
serve the purpose sufficiently.  Mathematically distribution uniformity (DU) is expressed 
(Burt et al., 1997) as:  
 

lqX
DU   (5.5) 
Where;  
Xlq is the average of the depths accumulated in the quarter of the field area receiving 
the smallest depths, and  
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µ is the overall mean of soil moisture depths.  
The results of SEBAL such as the actual evapotranspiration and the soil moisture content 
should be validated by comparing them with field measurements. However, in Gash Delta, 
field measurements related to water balance are either unavailable or unreliable if any. 
Hence, the actual evapotranspiration estimated by SEBAL was compared with that by a 
conventional method (Penman-Monteith method) as a validation (Khalid et al., 2012). 
Similarly, due to the lack of reliable soil moisture data, observed soil moisture content 
could not be used in this study. However, the soil moisture distribution estimated by 
SEBAL can be used as basic data for investigating the applicability of the Band-5 and 
MNDWI to classify the irrigated area into sufficiently and insufficiently irrigated. 
5.3 Application Results  
5.3.1 Actual evapotranspiration (ETa) 
Figure 5.1 shows the distribution of actual evapotranspiration (ETa) on November 9, 2009. 
This date is within the crop growing stage of cultivation. As clearly shown in Figure 5.1, 
the GDSIS has large variation of daily actual evapotranspiration, which ranges from 0.0 to 
10.96 mm d-1. The large variation in the ETa is due to the presence of irrigated/cultivated 
Misgas with high ETa and fallow Misgas resulting in low ETa. 
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Figure 5.1: Daily actual evapotranspiration of GDSIS on November 9, 2009       
(Source: Khalid, 2013) 
5.3.2 Soil moisture distribution and flooded area 
The relative soil moisture content of the GDSIS on November 9, 2009 (with in the crop 
growing period) was calculated using Equation (5.4) and the resulting distributed value is 
shown in Figure 5.2a. The relative soil moisture content varied from 0 to 40% indicating 
the non-uniformity of water distribution. As expected spatial distribution of the ETa 
(Figure 5.1) and relative soil moisture (Figure 5.2a) are similar. Moreover, visual 
inspections of both maps show that the sharp changes between high and low values follow 
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the Misga boundaries. This implies, in addition to the usual importance of the ETa and soil 
moisture content, they can be used to estimate and delineate the cultivated areas in GDSIS. 
  
Figure 5.2: Spatial distribution maps of (a) relative soil moisture from SEBAL (b)  
Band-5 in digital number and (c) MNDWI (Image date of (a) is November 
9, 2009, whereas image date of (b) and (c) is September 30, 2009) 
 
Figure 5. 3: Magnified view as indicated in Figure 5.2 of the (a) relative soil moisture 
(b) Band-5 and (c) MNDWI (Note: Range of values in these images is the 
same as their corresponding images in Figure 5.2) 
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Figure 5.2b and Figure 5.2c show flooded area on September 30, 2009 mapped from Band-
5 and MNDWI, respectively. The Band-5 and MNDWI maps use Landsat-7 image. The 
date, September 30 is just end of irrigation period and start of crop sowing and the maps 
show the extent of wet surface as a result of the water application. Hence, these indicate 
the irrigated area. Although both approaches show the distribution of wet surface, but their 
resulting maps are less shaper than those of ETa (Figure 5.1) and relative soil moisture 
(Figure 5.2a) maps. This could be due to the difference in image date. Moreover, the Band-
5 and MNDWI methods only give the surface moisture information. On the other hand, the 
SEBAL approach estimates the root zone soil moisture. 
In order to clearly compare the potential of each approach in mapping the soil moisture 
distribution, Figure 5.3 was developed. Figure 5.3b and Figure 5.3c depict the Misgas 
flooded or wet on September 30, 2009. Misgas “A”, “B” and “D” indicate complete 
spreading of water while Misga “C” indicates incomplete water spreading. Moreover, 
Misga “B” and “D” show runoff water to outside of Misgas. These phenomena, runoff in 
some of the Misgas while others experience incomplete advance of irrigation water, calls 
for attention in the management of the system to increase the irrigation efficiency. 
Visual comparison of the maps in Figure 5.3 implies that the soil moisture distribution is 
solely the result of the water spreading. For example, Misga “A” shows relatively high 
uniformity of water spreading and relative soil moisture, whereas Misga “C” shows low 
uniformity in both cases. Considering Misga “D” one can observe low values of water 
spreading (Figure 5.3b and 5.3c) and relative soil moisture (Figure 5.3a) near to the inlet 
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and high values near to the end of the Misga. Moreover, fields between Misgas “A” and 
“B” as well as between Misgas “C” and “D” show very low values in all the maps implying 
un-irrigated and hence uncultivated (Fallow Misga). Fig.5.3a, which shows the relative soil 
moisture content of the root zone is an indication of the cultivated and fallow area. 
The cultivated area is considered to be that area, which is sufficiently watered. Moreover, 
Figure 5.3a derived based on SEBAL analysis can be safely assumed as reliable estimate 
of the soil moisture distribution and hence used as reference for comparing the soil 
distribution maps (flooded or irrigated area maps) from the other two approaches 
considered in this study. Although, as shown in Figure 5.3 both the Band-5 and MNDWI 
maps show similar moisture distribution patterns, the Band-5 map is more comparable to 
the SEBAL-based map. In addition, the Band-5 method is the simplest, which do not 
require any calculation but simple visual enhancement. Hence, the Band-5 of the freely 
available Landsat-7 ETM+ and Landsat-8 OLI can be used by the GDSIS management as 
a guide to map and evaluate the irrigated area for subsequent distribution to the farmers for 
cultivation. 
5.3.3 Modeling the soil moisture distribution pattern 
Several functional forms have been proposed; normal distribution (Hart, 1961), simple 
linear regression, Beta distribution to express the soil moisture distribution pattern in 
irrigation fields. However, for various reasons modeling the moisture distribution by 
normal density function has been more common. In this study, the relative soil moisture 
data derived from remote sensing, for all the irrigated Misgas and whose boundaries clearly 
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delineated from combination of Google Earth and irrigation network maps, were estimated 
using Equation (5.4). The relative soil moisture each pixel was divided by the average to 
get the normalized value. These normalized relative soil moistures were fitted to normal 
probability distribution. In order to visually compare the degree of fit, histograms of 
relative soil moisture and the corresponding fitted normal curve are created as shown in 
Figure 5.4a.  
As depicted in Figures 5.4a, it can be roughly concluded that the assumption of normality 
holds good when the relative soil moisture data from all the delineated Misgas is considered 
as one population. To have a better test of fit, the normal probability plots of the 99.75% 
of the soil moisture data of the Misgas (as a whole) is developed as shown in Figure 5.4b. 
For a perfect fit, the plotted points would fall on a 45o line through the origin of the graph. 
 
Figure 5.4: (a) Actual and fitted frequency graphs and (b) Normal probability plot of the 
normalized relative soil moisture  
(a) (b) 
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The probability plot correlation test is a popular and powerful test of whether a sample has 
been drawn from a postulated distribution. The probability plot correlation coefficient 
(PPCC) test employs the correlation between the ordered observation and the 
corresponding fitted quantiles. PPCC measures the linearity of the probability plot 
providing a quantitative assessment of fit. Values of PPCC near 1.0 suggest that the 
observation could have been drawn from the fitted distribution. For the data of the selected-
Misgas, whose probability plot shown by the dotted line in Figure 5.4b, the PPCC is equal 
to 0.995.  Therefore, it is safe to assume the water distribution pattern in the study area as 
normal distribution model. 
 5.4 Conclusions 
This study investigates the possibility of estimating the soil moisture distribution from 
remote sensing data. Three approaches, first employing single-band index, second multi-
band water index and third SABAL-based empirical relationship, were employed to 
determine the flooded (irrigated) area and soil moisture distribution. The SEBAL-based 
soil moisture distribution was used as a reference to evaluate the capability of the first two 
approaches. The single-band (Band-5) based approach was found to produce soil moisture 
distribution map fairly comparable to the SEBAL approach. Hence, this simple approach 
can be used by the GDSIS administration for mapping of the moisture distribution at 
minimum cost. Moreover, visual interpretation of the actual evapotranspiration, relative 
soil moisture and water spreading (from Band 5 of Landsat 7 ETM+ and MNDWI) 
suggested the possibility of delineating the cultivated Misgas (adequately irrigated) from 
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remote sensing analysis. The probabilistic distribution of soil moisture was also examined 
using the SEBAL-based relative soil moisture content. The results showed that the water 
distribution pattern in the study area can be assumed to be normal distribution. 
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CHAPTER SIX  
SIMULATION MODEL TO ESTIMATE THE OPTIMUM ANNUAL 
IRRIGATION AREA OF GASH DELTA SPATE IRRIGATION SYSTEM 
6.1 Introduction 
In chapter three, the performance assessment of the Gash Delta Spate Irrigation System 
(GDSIS) was investigated. Two performance criteria (reliability and vulnerability) of the 
3- and 2-year rotation systems were estimated through Monte Carlo simulation considering 
the variability of the annual volume of river flow and selected management parameters. 
The result shows that overall performance of the 3-year rotation system is superior to that 
of the 2-year rotation. However, the assessment was done by the water-based criteria and 
the yield and the net benefit were not considered. Therefore, it is insufficient to select 
optimum annual irrigation area of the GDSIS. 
In the view point of crop yield, previous studies on sorghum (Abdelgadir, 2007; Steduto et 
al., 2012) reported that excess soil moisture leads to low yield (see Section 1.2). It means 
that not only deficit but also excess of irrigation water should be considered. In addition to 
the total amount of irrigation water applied, the irrigation application uniformity affects the 
soil moisture deficit and excess, and it has been incorporated in modeling the relationship 
between crop yield and irrigation water (Mantovani et al.,1995; de Juan et al.,1996). 
In this chapter, a Monte Carlo simulation model that integrates four sub-models 
(probabilistic river flow generation, soil moisture distribution, crop yield response and net 
 96 
 
benefit models) is developed to simulate the relationship between irrigation water supply 
and net benefit with an ultimate aim of finding the optimum annual irrigation area. In the 
soil moisture distribution model, a normal distribution is assumed as the spatial distribution 
of soil moisture and the irrigation uniformity is considered by a parameter, distribution 
uniformity. In the crop yield response model, the yields in over- and under-irrigated area 
are computed and the weighted mean yield per unit area is estimated. The simulation model 
is applied to estimate the optimum annual irrigation area which generates maximum net 
benefit. 
6. 2 Simulation Model 
6. 2. 1 Irrigation water supply 
According to Bashir (2005), Gash River is the only source of water for recharging the 
groundwater, irrigating the GDSIS and Gash die (north of GDSIS, grazing area). The water 
allocation policies and practices of the GDSIS is such that, 30% to 50% of the river flow 
is diverted for the spate irrigation. The diverted water has to be conveyed via network of 
canals to the agricultural fields hence undergoes conveyance loss. The gross water 
available for irrigation at the farm level is therefore a fraction of the diverted amount. The 
ratio of the amount of the water applied to the field to the amount of water diverted from 
the river is referred as conveyance efficiency (CE). Common estimates of CE widely 
applied for design and calculation of gross water allocations for open channel-surface 
irrigation schemes ranges from 30% to 60% (van Halsema and Vincent, 2012). Hence, the 
average volume of water applied to the field (Vg) can be expressed as: 
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 rg VIRCEV   (6.1) 
Where;  
Vr is the annual volume of river flow,  
IR is the intake ratio (decimal).  
Here, CE looks the same as IE in chapter three, however the irrigation efficiency (IE) is 
defined as the ratio of net irrigation water stored in the root zone to the water diverted from 
the river. That is, it accounts the water losses during conveyance and field application. 
Whereas the conveyance efficiency (CE) is defined as the ratio of available water at the 
head of each field (Misga) to the water diverted from the river and it accounts the water 
losses during conveyance only. 
In GDSIS tail end of the agricultural field (referred as Misga) is usually under- or un-
irrigated. Hence, loss of water due to runoff from Misga was neglected and the mean 
infiltrated depth of water (Hg) in terms of the volume of the applied water (Vg) and the area 
irrigated (Ai) is expressed as: 
 
i
g
g
A
V
H   (6.2) 
6. 2. 2 Soil moisture distribution model 
Although many individual factors that influence moisture distribution may differ from a 
normal distribution, the overall pattern often resembles a normal distribution when multiple 
factors are combined (Burt et al., 1997). This led to the popularity of modeling the spatial 
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soil moisture distribution by normal density function. A well-defined irrigation criterion 
that quantitatively measures the distribution of water applied to irrigation field is irrigation 
uniformity. An irrigation uniformity parameter commonly used for all irrigation methods 
is the distribution uniformity (DU) (Pereira, 1999). For normal distribution the DU is 
expressed (Burt, et al., 1997) as: 
 
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27.11  (6.3) 
Where; Hg and σ are the mean and standard deviation of the infiltrated depths of water 
respectively. 
To the best knowledge of the authors, there is no study regarding the distribution uniformity 
of the GDSIS. Hence, I use relative soil moisture estimated from satellite data analysis 
using the Surface Energy Balance Algorithm (SEBAL) and the DU for various irrigated 
Misgas was found to vary from about 30 to 70%. The standard deviation σ can be estimated 
by rearranging Equation (6.3) for pre-determined Hg and DU. 
Figure 6.1 shows a typical diagram of spatial water distribution in an irrigated field, in 
which irrigation water with a mean depth (Hg) is applied to the field to satisfy the water 
depth required by the crop (Hr). Any depth of infiltrated water (H) and Hr are expressed as: 
  gHH  (6.4a) 
   
 rgr HH   (6.4b) 
Where; α and αr specify the deviation in terms of the standard deviation σ. 
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At the cumulative area (Ar), the infiltrated water (H) is equal to Hr (Figure 6.1). “Ar” of the 
total irrigated field receives water greater than Hr, hence it indicates over-irrigated area. 
The remaining “ rA1 ” of the field receives less than Hr and it indicates under-irrigated 
area. Region B shows water depth deep-percolated in the over-irrigated area and region D 
represents water deficit in the under-irrigated area. The combined region (A+C) indicates 
the amount of water stored in the root zone, with region A in the over-irrigated and region 
C in the under-irrigated areas. For an irrigation system with a pre-specified DU, Hr, and 
Hg, the fraction of the over-irrigated area “Ar” can be estimated (Anyoji and Wu, 1994) as: 
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Figure 6.1: Cumulative probability density function for the normal distribution model 
The average depth of water in the over-irrigated area (HAB) and average depth of water 
deficit (HD) can be expressed as:  
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6. 2. 3 Crop yield response model 
The compiled data (Table 6.1) do not cover the entire possible spectrum of the soil moisture 
resulting from the water supply. They fall in the range of 400 to 700 mm and were assumed 
to represent the over-irrigation status. To estimate the total yield, firstly, the over-irrigated 
and under-irrigated areas are computed from the soil moisture distribution model. 
Secondly, HAB and HD are estimated. Then, the yield from the over-irrigated area is 
simulated by a simple regression model developed from Table 6.1 whereas the yield from 
the under-irrigated area is simulated by the yield response model of Equation (2.4). Finally, 
the weighted mean yield per unit area is estimated as: 
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 11max  (6.8) 
Where;  
Yt is weighted mean yield in (ton/ha),  
Ym is maximum yield (ton/ha),  
ky is a coefficient which represents crop yield sensitivity to water deficits,  
Ar is fraction of over-irrigated area based on Figure 6.1 (decimal),  
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n and m are regression coefficients between soil moisture stored in the root zone 
and yield per unit area (using the data shown in Table 6.1 the values of n and m 
were estimated as 5.094 ton/ha and -0.006 ton/(ha×mm) respectively). 
Another data set Table 6.2, which are annual river flow volume and the resulting irrigated 
area and yield per unit area for the years 2004 to 2011, were compiled from Gash 
Agricultural Scheme (GAS) office and used for the verification of the crop yield model.  
       Table 6.1: Yield of sorghum crop vs. water availability (source: Abdelgadir, 2007) 
Location on the Misga Moisture in the root zone (mm) Yield (bag/feddan)* 
Upper 664 6.2 
Middle 542 8.8 
Lower 413 12.9 
                * 1bag is approximately 90 kg and 1feddan is approximately 0.42 ha 
    Table 6.2: Annual flow volume irrigated area and yield (source: GAS, Kassala) 
Season River flow (106m3) Irrigated Area (feddan) Productivity (bag/feddan) 
2004-2005 693 63,000 6.13 
2005-2006 883 84,364 6.87 
2006-2007 921 96,135 8.42 
2007-2008 1048 84,092 5.26 
2008-2009 413 57,000 7.89 
2009-2010 440 70,750 9.40 
2010-2011 672 84,807 9.68 
2011-2012 791 62,000 6.89 
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6. 2. 4 Estimating the net benefit  
In this study attention is concentrated on estimating the acreage that should be prepared for 
irrigation. A large area of land suitable for irrigation is assumed to be under the control of 
the decision maker. This area (the net command area) is equal to 100,000 ha in GDSIS. 
The net benefit from the irrigated crop is calculated as: 
  ptyi CYPANB   (6.9) 
Where; 
 NB is net benefit,  
Py is unit price of yield, and  
Cp is production cost per unit area. 
Production cost (Cp) of 2450 SDG (SDG: Sudan￡) per hectare and sorghum grain yield 
price (Py) of 150 SDG per bag of 90 kg were used as complied from GAS office. The main 
components that contribute to the production cost are land and water fee, seed, plowing, 
planting, weeding, guarding from animals, harvesting and threshing. The calculation of the 
NB is based on the following assumptions; (i) the irrigation efficiency, Py and Cp are 
constant irrespective of the size of the irrigated area; (ii) as the diversion structure and 
network of canals are given in this study (currently the 100,000 ha is equipped with 
irrigation structures), their capital costs, which would not be constant per unit area, were 
neglected. 
Monte Carlo simulations were performed to estimate the yield, in which random values of 
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annual river flow volume were generated by two parameter Weibull distribution. The 
Monte Carlo sample size is set to 50,000. Then the net benefit for each target irrigation 
area from 10,000 to 100,000 ha at an increment of 500 ha is estimated. Finally, complete 
enumeration approach is employed to identify the optimum irrigation area. 
6.3 Results and Discussion  
6. 3. 1 Verification of simulated yield  
The optimum annual target irrigation area is one that generates maximum net benefit. In 
this study, whereas the unit prices and target irrigation area are constant input parameters 
of the simulation model, the yield per unit area is a result of the soil moisture and crop 
yield response sub-models, which depends on the water supply and its resulting soil 
moisture distribution. This implies that the model’s potential to accurately simulate the 
relationship between water supply and optimum area depends on how its sub-component 
model correctly estimates the yield. Therefore, before proceeding to estimate the optimum 
irrigation area, first we verify the model on its ability to estimate the yield. Due to lack of 
data for calibration, the model parameters were selected from reports pertinent to the most 
likely situation in the study area. Accordingly, the median values of DU of 50%, IR of 40% 
and CE of 50% are used as typical values in GDSIS. The annual river flow (Vr) and the 
irrigated area (Ai) of eight seasons shown in Table 6.2 are used to estimate the yield per 
unit area (Yt) and the simulated yields are compared with measured yields (Figure 6.2). 
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Figure 6.2 Simulated and measured yield of GDSIS for the years 2004-2011 
The convex upward of the graph of the simulated yield in Figure 6.2 indicates that the yield 
become lower when water supply is both low and high. Similar relationship between yield 
and supply of water has been suggested by Clemmens and Molden (2007). Despite the lack 
of measured data that cover wide spectrum of the field water supply, the available measured 
yield and their corresponding water supply were sufficient to represent the typical 
relationship between yield and water supply. The simulated and measured yield as a 
function of the water supply showed similar pattern. The agreement between the measured 
and simulated yield implies that the developed approach can simulate sorghum grain yield 
of the GDSIS. 
6. 3. 2 Application of the simulation model  
The policy of the government is to irrigate large area (for instance, the latest rehabilitation 
design attempted to irrigate 50,000 ha annually) to accommodate as many tenants as 
possible. However, this policy is not realistic mainly because the irrigation area is decided 
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by the mean annual flow in spite of its large variability. This study considers the 
probabilistic nature of the river flow and three irrigation system parameter to estimate the 
net benefit as a function of the irrigation area with an ultimate aim of identifying the 
optimum annual target irrigation area. In GDSIS, besides the amount and variability of the 
river flow, IR, CE and DU are the core factors that dictate the extent of the irrigation area. 
It is obvious even without undertaking rigorous calculations that the irrigation area 
increases as IR and CE increase. However, the analysis introduced in this section focuses 
to estimate the rate and amount of change on the optimal target irrigation area and net 
benefit for individual or concurrent water management interventions (IR, CE, and DU). 
Therefore, the expected value of annual net benefit (NB) of areal total in GDSIS is 
calculated by a very large sample set of annual river flows randomly generated by two-
parameter Weibull distribution and the sensitivity of three core factors for the NB are 
examined. 
Figure 6.3a shows the computed total net benefits plotted as a function of irrigation area 
for different irrigation water supply (Vg) resulting from the combination of three discrete 
values of IR (30%, 40% and 50%) and CE (40%, 50% and 60%). For all the combinations 
of IR and CE, the gradient of the curve changes from positive to zero then to negative as 
the area increases. This curve is the same to the one hypothesized by Dudley et al. (1972) 
for conventional irrigation system with water supply from a reservoir. Initially, the net 
benefit increased almost linearly as the area increased. This is because of the two factors 
that increase the total yield; lager area and smaller excess moisture. As the area increased 
further the curves depart from linearity in response to the increase in moisture deficit. 
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Nevertheless, the net benefit continued to increase owing to larger production through 
steady productivity of larger area and reached maximum at about 26,000 ha, 44,000 ha and 
66,000 ha for the combinations of the lowest, mean and highest IR and CE. That is, the net 
benefit continues to increase so long as the net effect of average excess and deficit soil 
moisture on yield is positive and the total net benefit is greater than the total cost of 
production. As the area increased further, the curve started to decline due to decreased yield 
because of higher average soil moisture deficit. The decline occurred in reverse fashion 
compared to how it rose. After the peak, the curve, first declined at slower rate exhibiting 
convex upward, then transited to a linear fall indicating the dominance of the effect of 
deficit. Generally, up to the peak of net benefit the increase in total yield due to increase in 
area is greater than the decrease in total yield due to the associated increase in average soil 
moisture deficit. 
In addition to IR and CE, the third water management parameter considered in this analysis 
is the distribution uniformity (DU). Three discrete value of DU are considered to study the 
importance of improving on-farm water distribution for median values of IR, CE and mean 
production costs and yield prices. Figure 6.3b shows that as DU increases the net benefit 
increases for a given area. The difference in net benefit is maximum at about 35,000 ha. 
That is when the annual irrigation area is around 35,000 ha, the change in net benefit as 
DU changes from 40% to 50% or from 50% to 60% is about 4,000,000 SDG. As the area 
decreases or increases from the optimum the difference in net benefit shrinks. This is 
evident in Figure 6.3b by the closeness of the curves to each other at both ends. 
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Figure 6.3: (a) Simulated Net Benefit versus irrigation area for different combination of 
IR, CE, and median DU, (b) Change of Net Benefit versus irrigation area for 
±10% of DU from its median 
In the case of smaller areas, the decrease in change of net benefit indicates that the net 
effect of the average excess and deficit soil moisture on yield is the same for all DUs. For 
the irrigation area in the middle range of the curves (in the vicinity of 35,000 ha), the supply 
of water considered would result in considerable average deficit and excess soil moisture. 
Hence improving the DU, which consequently reduces the average deficit and excess soil 
moisture would lead to increased net benefit for a given irrigation area. As the area 
increases, the three curves are very close to each other and it indicates that the whole area 
is under irrigated and there is no over-irrigated area from where excess water would be 
redistributed to the under-irrigated area by improving the DU. When the whole area is 
under-irrigated, improvement in DU only redistributes the soil moisture in the same root 
zone with no reduction in the average soil moisture deficit.  
All the curves of Figure 6.3a have similar curvature, exhibiting diminishing net benefit to 
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smaller and larger irrigation areas. The shapes of the curves reveal how land and water, two 
of the most production limiting resources, affect the net benefit. Left tail of each curve 
indicates land not water is the limiting factor, while the right tail indicates vice versa. The 
convex upward of the curves indicates that there is a summit (or global maximum) for the 
net benefit function. The value of the target irrigation area at which the maximum of the 
net benefit occurs is the optimum area that has to be prepared. The optimum area and their 
corresponding maximum net benefit for all the cases considered were identified employing 
complete enumeration sampling approach and are presented in Table 6.3.  
Table 6.3: Optimum Area, OA (103 ha) and their corresponding Net Benefits, 
NB (106 SDG) for the different combinations of IR, CE and DU 
IR (%) CE (%) 
IWS 
(%)* 
DU (%) 
40 50 60 
OA NB OA NB OA NB 
30 
40 12 27 13 26.5 15 26 17 
50 15 33.5 16 33 19 32.5 22 
60 18 40.5 19 39.5 23 39 26 
40 
40 16 36 17 35.5 20 35 23 
50 20 45 21 44 25 43.5 29 
60 24 54 26 53 30 52 35 
50 
40 20 45 21 44 25 43.5 29 
50 25 56 27 55 32 54.5 36 
60 30 67.5 32 66 38 65.5 43 
* IWS refers to the percentage of the river flow available at the farm (it is the product of IR and CE) 
The maximum net benefit increases as the irrigation water supply increases for all DU 
values. For a given irrigation water supply the maximum net benefit is the highest for the 
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highest DU value but the difference in optimum annual target irrigation area is marginal. 
The optimum areas and their corresponding net benefits show the consequences of good or 
poor management of the irrigation system. For instance, when the management is poor 
(e.g., IR=30%, CE= 40% and DU = 40%) the optimum annual irrigation area is 27,000 ha. 
If the management is improved (e.g. IR=40%, CE=50%, and DU=50%) the optimum area 
increased to 44,000 ha with associated increase in net benefit of 12 million SDG. Although 
it is difficult and less probable, a further improvement in the management, to achieve IR of 
50% and CE of 60%, would lead to an optimum annual target irrigation area larger than 
65,500 ha. 
 
Figure 6.4: Net benefit versus water supply of the 3-year rotation (33,000 ha) and 2-year 
rotation (50,000 ha) for DU value of 50%  
In chapter three, which only considered comparison of the water supply and demand, the 
3–year rotation (33,000 ha) was found to be superior than the 2–year rotation (50,000 ha) 
0
5
10
15
20
25
30
35
0 5 10 15 20 25 30 35
N
et
 B
en
ef
it
 (
1
0
6
 S
D
G
)
Percentage of river flow available at the farm (IWS =IR×CE)
3YR (33,000 ha)
2YR (50,000 ha)
 110 
 
for all combinations of IR and IE. However, when comparing them in terms of the net 
benefit, it can be observed from Figure 6.4 that there can be situations where the 2–year 
rotation is more profitable. For instance, when the percentage of river flow available at the 
farm head is about 20% (IR =40% and CE =50%) the net benefits for the 3– and 2–year 
rotation systems are about 16×106 and 22×106 SDG respectively. This shows that we must 
consider crop yield, as affected by both deficit and excess soil moisture, before choosing 
the best rotation system. 
6.4 Conclusions  
In this part of the study, a model for estimating the optimum annual target irrigation area 
is developed. The model combines water supply generation, soil moisture distribution, crop 
response and net benefit sub-models. The model provided an approach of evaluating the 
influence of individual and concurrent improvements in the intake ratio, conveyance 
efficiency and distribution uniformity on the optimum annul target irrigation area. The 
model also showed that there is possibility to achieve an optimum area, equal to the target 
irrigation area of the latest rehabilitation design (50,000 ha) at reasonably attainable values 
of the IR, CE and DU. This approach can aid planners, decision makers and interest groups 
in assessing the influence of interventions at the diversion, conveyance and on-farm. After 
deciding on the optimum annual irrigation area, comprehensive river flow control and 
rehabilitation of the existing irrigation system to supply the water can be engineered and 
financed easily and more rationally.
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CHAPTER SEVEN 
SUMMARY AND CONCLUSIONS  
7.1 Summary  
In Gash Delta Spate Irrigation System (GDSIS) land is cultivated every three years (3-year 
rotation system), where one-third (about 33,000 ha) of the total net command area is 
planned for irrigation and subsequent cultivation annually. Whereas the remaining two-
third is kept fallow for that specific year. Recently, in response to the growing number of 
farmers, there have been an attempt to change the 3-year rotation system to 2-year rotation 
system (about 50,000 ha planned for irrigation annually). However, it was not successful 
mainly attributed to the high variation of annual river flow and capacity of irrigation 
structures as well as on-farm water management. This study therefore assessed the 
irrigation water supply performance of 3-year and 2-year rotation system and developed a 
simulation model to estimate the optimum annual irrigation area of GDSIS.  
In GDSIS, in addition to the amount and variability of the annual volume of the Gash river 
flow, the intake ratio (amount of water diverted to the irrigation system divided by total 
river flow), conveyance efficiency (ratio of water available at the field to the  water 
diverted), irrigation efficiency (ratio of water stored in the root zone to the water diverted), 
and distribution uniformity (measure of how even the water is applied to the field) are core 
management parameters that determine the extent of the irrigation area in GDSIS.  Their 
values were estimated from field information and relevant literatures and were used in this 
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study as necessary.  
To assesses the irrigation water supply performance, two criteria (reliability and 
vulnerability) of the 3-year and 2-year rotation systems were computed considering the 
variability of the annual volume of Gash River flow and deferent levels of the selected 
management parameters. The result of this analysis can be summarized as follows: 
 Statistical analysis of long term data showed that annual volume of Gash River flow 
is random and was found to be best modelled by a two-parameter Weibull 
distribution among six tested distributions. 
 For the typical value of the selected management parameters (intake ratio (IR) of 
40% and irrigation efficiency (IE) of 50%) the reliabilities of the 3-year and 2-year 
rotation systems were 54% and 18% respectively and the vulnerabilities were 31% 
and 38% in the same order.  
 Estimation of the reliability and vulnerability of both systems with different 
combinations of IR in the range of 20 to 60% and IE in the range of 30 to 70% 
showed that it is feasible to improve the reliability of the 3-year rotation to as high 
as 75% with accompanied decrease in vulnerability to as low as 25% but it is 
difficult to achieve this values even at the very optimistic combination of IR and IE 
for the 2-year rotation system.  
Generally, it can be concluded that the performance of both rotation systems is low but can 
be improved substantially through careful selection and implementation of the 
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management parameters both during planning and operation.  Overall performance (in 
terms of reliability and vulnerability) of the 3-year rotation system is superior than that of 
the 2-year rotation. However, these two criteria do not consider the total production hence 
insufficient to select the optimum area which is the focus the second objective of this 
research.  
In the second objective of the study, four sub-models are integrated in order to estimate the 
optimum annual irrigation area that maximizes the net benefit. The first sub-model 
estimates how much of the diverted river flow is available at the field head for irrigation 
after accounting for conveyance losses. This water which is the gross irrigation water is an 
input to the second sub-model, which is the soil moisture distribution model and helps to 
estimate important variables such as the over- and under-irrigated area and their respective 
average depths of soil moisture. These variables are carried on to the third sub-model which 
is the crop-water production function that takes in to account both the influence of over- 
and under-irrigation on crop yield. Finally, the fourth sub-model computes the net benefit 
as a function of irrigation area, yield, price of yield and cost of cultivation, from which the 
optimum area that maximizes net benefit is determined. The principal finding of this part 
of the study can be summarized as follows: 
 Analysis of water supply versus crop production field data confirmed that both 
over-irrigation (excess soil moisture in the root zone) and under-irrigation (deficit 
soil moisture in the root zone) lead to low yield of sorghum crop.  
 As expected the net benefit diminished when small or large area is irrigated and 
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subsequently cultivated indicating the existence of optimum area in between. For 
example, when 40% of the annual river flow volume is diverted (IR = 40%) and 
conveyed at 50% efficiency (CE = 50%) and applied to the field at 50% uniformity 
(DU =50%), the optimum irrigation area was about 44,000 ha, which is 6,000 ha 
short of the 2-year rotation system or about 11,000 ha more compared to the 3-year 
rotation system. At the same DU value the optimum area increased to about 66,000 
ha for (IR=50% and CE=60%) and decreased to about 26, 000 ha for (IR=30% and 
CE=40%). 
 The model also showed that improvement of the distribution uniformity (such by 
good land levelling) can improve the net benefit. For example, for IR of 40% and 
CE of 50% an improvement of the DU by 10% lead to an increase of the maximum 
net benefit by 20%. The model also showed, when a given amount of water is 
applied to very small area (resulting in too high soil moisture excess) or to very 
large area (resulting in too high soil moisture deficit), improvement of DU do not 
improve the crop yield and hence benefit. 
 Comparison of the 3- and 2-year rotation in terms of their net benefit showed that 
the 2-year rotation system is superior when the percentage of river flow made 
available at the farm head is approximately greater than 19% and vice versa.   
Moreover, in GDSIS availability of field data related to irrigation water management are 
scarce, hence this study also investigates the possibility of remote sensing techniques to 
estimate and assess relevant field data, specifically the seasonal cultivated area and soil 
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moisture distribution.  In this regard, first, satellite-based algorithm for mapping and 
extraction of the seasonal cultivated area of GDSIS was developed. Second, simple (single 
band and multi-band) moisture indices as well as a remote sensing based energy balance 
model are employed to investigate the soil moisture spatial distribution. In both cases 
multi-date Landsat images that cover the irrigation period (July-September) and the crop 
growing period (October-February) were compiled, processed and analysed as necessary. 
To develop the cultivated area mapping algorithm, visual interpretations followed by 
spectral (in terms of NDVI) and thermal (in terms of surface temperature (Ts)) analysis of 
selected images within the crop period were performed. Due to the specific nature of the 
GDSIS, the visual interpretations were found to be very effective in selecting sample 
points. The multi-date image analysis using of the selected sample points lead to the 
construction of decision tree classification with simple and easily modifiable and 
interpretable NDVI and surface temperature based threshold values. Verification of results 
by comparing the estimated cultivated area with the field reported area demonstrated the 
capability of the developed algorithm.   
With regard to the soil moisture investigation, single-band index (Band-5 or middle-
infrared (1.55-1.75 µm) in Landsat-7 ETM+) and multi-band water index (Modified 
Normalized Difference Water Index) were employed to map the extent of the flooded 
(irrigated). A SEBAL-based method that estimates the relative soil moisture content from 
evaporative fraction was used as a reference to evaluate the capability of the first two 
approaches. The single-band (Band-5) based approach was found to produce soil moisture 
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distribution map fairly comparable to the SEBAL approach. Hence, this simple approach 
can be used by the GDSIS administration for mapping of the moisture distribution at 
minimum cost. Moreover, visual interpretation of the actual evapotranspiration, relative 
soil moisture and water spreading (from Band 5 of Landsat 7 ETM+ and MNDWI) 
suggested the possibility of delineating the cultivated Misgas from remote sensing analysis.  
The application of these simple methodologies (for estimating the seasonal cultivated area 
and soil moisture distribution) which require basic knowledge of remote sensing techniques 
and use freely available satellite data, can help the GDSIS management office to regularly 
estimate the irrigated area and resulting cultivated area at low cost.  
7.2 Main Limitations of the Study and Future Research Works 
The simulation studies for assessing the performance of the system and estimation of the 
optimum irrigation area have relied extensively on literature and secondary data (such as 
reports by administrative offices) to set the value of important parameter. The scarcity of 
available basic information (such as, river flow, irrigation efficiency, discharge 
measurement at diversion cropping pattern, etc.) and their generally low precision were a 
serious limitation to interpret some numerical results and compare the results of 
alternatives from the simulation studies. Hence, further study should focus on conducting 
field study to collect sufficient and reliable data specially for the calibration and full 
validation of the crop-water production model. 
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The ultimate purpose of using remote sensing techniques in this study were to device 
methodologies for estimating some relevant irrigation water management data specifically 
soil moisture and cultivated area. However, thorough and proper validation and verification 
of the proposed methods were hampered extremely due to the unavailability of the relevant 
ground truth data. Field data on soil moisture sampled in situ as well as surveyed map of 
actual irrigated and cultivated areas, are necessary for the validation of the remote sensing 
based methods. Hence further study should deal with validation of the methodology using 
the aforementioned relevant field data. 
Moreover, the satellite-based classification algorithm focused only on the mapping and 
estimation of the seasonal cultivated area, however, estimation of the seasonal areas that 
are irrigated, but uncultivated due to little water application, and uncultivated areas due to 
poor land preparation are also very important to the management of the system. Therefore, 
future works should extend the current study to include the above areas.  
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